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Abstract 
In the textile industries, wool has to compete with cotton and synthetic fibres. In order to improve 
the competitiveness of wool fibre, the sheep industry is working to find ways to improve the raw 
product through the selective breeding of sheep. The use of gene-markers is one approach to  
selectively breeding genetically superior stock, and this method allows for the early selection of 
superior livestock, and without having to wait for the animal to grow to maturity. 
The α-keratins are structural proteins in the cortex of wool fibres, and are assembled in an organized 
fashion into the keratin intermediate filaments (KIFs). These are enveloped by an inter-filamentous 
matrix consisting of keratin-associated proteins (KAPs). Variation in the keratins affects wool 
structure and fibre characteristics, and thus their genes make ideal candidates for the development 
of gene-markers. 
Currently 17 human hair keratins have been characterized: eleven of which are type I and six of 
which are type II human hair keratins, and ten sheep type I and seven sheep type II proteins have 
been identified. This study identified variation in 13 regions of four keratin genes  using polymerase 
chain reaction-single stranded conformation polymorphism (PCR-SSCP) analysis. 
Three regions of KRT83 were investigated, including a portion of the promoter, all of exon 2 
(including part of intron 1) and a region encompassing exon 3 - 4 (including all of exon 3, intron 3, 
exon 4 and part of intron 4). In 300 New Zealand Romney, Merino and White Dorper sheep obtained 
from 26 farms in New Zealand, one, two and four PCR-SSCP banding patterns were observed for 
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these three regions respectively. The exon 2 region contained two single nucleotide polymorphisms 
(SNPs) and the exon 3 - 4 region contained five SNPs. 
Three regions of KRT85 were investigated, including two parts of the promoter ( called promoter 1 
and promoter 2) and an exon 3 - 4 (including all of exon 3, intron 3, exon 4 and part of intron 4) 
region. One, three and two PCR-SSCP banding patterns were observed for these regions respectively. 
Six SNPs were detected in promoter 2 and two in the exon 3 - 4 region.  
Four regions of KRT31 were investigated, including a portion of the promoter, all of exon 1 (including 
part of intron 1), all of exon 3 (including part of intron 2 and intron 3) and exon 7 (including part of 
intron 6), three, two, two and two PCR-SSCP banding patterns were observed for these regions 
respectively. The promoter region, the exon 1 region and the exon 3 region contained two SNPs, and 
the exon 7  regions contained one SNP. 
Three regions of KRT34 were investigated, including three parts of the promoter (called promoter 1, 
promoter 2 and promoter 3). Only the promoter 1 region showed polymorphism upon SSCP anslysis, 
with two unique SSCP patterns being observed. A total of three SNPs were identified in the three 
promoter 1 variants. 
Investigation of the effect of variation in the KRT83 exon 3 - 4 region was subsequently undertaken in 
489 Merino × Southdown-cross sheep from seven sire-lines. The four variants identified in the 
original 300 sheep (designated A-D) and a new variant (E containing a new SNP) were observed with 
a frequency of 64.6%, 15.4%, 6.6%, 10.1% and 3.3%, respectively. General linear mixed-effects 
models (GLMMs) were used to investigate associations between the presence or absence of the 
variants and wool traits, with a second set of models testing associations between common 
genotypes and those traits. The presence of A was associated with a decrease in fibre diameter 
standard deviation (FDSD) and coefficient of variation of fibre diameter (CVFD). The presence of C 
was associated with an increase in mean fibre diameter (MFD), mean fibre curvature (MFC) and 
prickle factor (PF), and a decrease in wool yield [clean fleece weight (CFW)/greasy fleece weight 
(GFW) ×100] (YIELD). A trend for association between the presence of C and increased FDSD was also 
detected. The presence of D was associated with an increase in MFD and PF, and a decrease in YIELD. 
The presence of E was associated with a decrease in CVFD. Genotype AD had a higher GFW and a 
lower YIELD than AA, and AC and AD tended to have increased MFD compared to AA and AB.  
The effect of variation in the KRT85 promoter 2 region and its association with wool traits was 
investigated. The three variants identified in the original 300 sheep (A - C) exhibited unique PCR-SSCP 
banding patterns with frequencies of 56%, 29% and 15%. In the single-variant GLMMs, the presence 
of B was associated with an increase in FDSD and PF, and this association persisted for PF, but was 
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lost for FDSD in the multi-variant GLMMs. Although no associations were detected with A and C in 
the single-variant GLMMs, the presence of A tended to be associated with an increase in YIELD, and 
the presence of C tended to be associated with a decrease in MFD. Genotype AA had a higher mean 
YIELD, lower mean FDSD and lower mean PF.  
The impact of variation in the KRT85 exon 3 - 4 region on wool traits was investigated. Two unique 
variants (a and b) were observed in 463 of the Merino × Southdown-cross lambs. The frequencies of 
the two variants detected in these sheep were 48.7% and 51.3% respectively. Three different 
genotypes were observed with frequencies of 22.68%, 52.05% and 25.27% for aa, ab and bb 
respectively. The presence of a tended to be associated with an increase in GFW and CFW, and the 
presence of b was associated with an increased PF. Sheep with genotype ab had a higher GFW, CFW, 
MSL and PF, than those of genotypes aa and bb. 
Variation in the KRT31 promoter region of 485 Merino × Southdown-cross, revealed the three 
variants identified in the original 300 sheep (named A, B and C). These were observed with a 
frequency of 56%, 29% and 15%, respectively. The presence of A and B had no significant effect on 
wool traits, but the presence of C was found to be associated with an increase in GFW, CFW and MSL. 
There was an effect of genotype with BC sheep producing wool of higher CFW and MSL, than AA, AB, 
AC and BB sheep.  
The impact of variation in KRT34 promoter 1 region on wool traits was investigated in 460 Merino × 
Southdown-cross lambs. Their frequencies were 41% and 59% for A and B respectively. Three 
different genotypes were observed, and the frequencies were AA (10%); AB (57.39%) and BB 
(32.61%). The presence of A was found to be associated with a decrease in MFD, FDSD and MSL. With 
the three genotypes tested, sheep with genotype BB had higher MFD and FDSD, than those of 
genotype AA and AB. 
This study confirms the potential for KRTs to serve as gene-markers of wool traits. 
Keywords: Sheep, wool, keratin protein, keratin protein gene (KRT), variation, PCR-SSCP, association, 
fibre diameter, fleece weight.  
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Chapter 1 
Literature Review 
1.1 Introduction 
Wool is a natural fibre that is widely used in textiles for the manufacture of clothing, bedding, 
insulation and carpet. Billions of New Zealand (NZ) dollars of wool is traded world-wide annually. The 
major wool producing countries are Australia, China and NZ, with global wool production totalling 
about one million tonnes per annum.  
Changes in the textile industries mean that wool has to compete with cotton and synthetic fibres; the 
latter having a lower production cost, and in some forms being lighter and softer. Synthetics can also 
be manufactured to exacting dimensions and standards for strength, elasticity, colour, shape, length 
and diameter. Wool cannot compete with this level of specification, so an important issue for the 
wool industry is to improve fibre quality. Unfortunately, as a biological product, wool traits are highly 
variable within flocks, and even within single fleeces. It is therefore impossible to produce a uniform 
product from day to day; let alone year to year, as might be required by wool users and the market. 
Farmers typically use selective breeding to improve wool quality, but heritable wool traits or 
characteristics are quantitative and display continuous phenotypic variation, instead of simple 
Mendelian inheritance patterns. It is therefore challenging to breed superior livestock from 
phenotypic data alone, not least because wool traits are polygenic, but also because they are 
affected by environmental factors and genotype by environment interactions (Ryder & Stephenson, 
1968). Furthermore most wool characteristics are only fully expressed when a sheep is mature, 
making genetic progress by breeding slow and inefficient, as younger sheep may not express either 
desirable, or undesirable, characteristics immediately. 
Compared with traditional breeding approaches, more accurate and rapid detection of superior 
genetics for selection might be achieved using genetic markers. These are typically DNA sequences 
that are associated with a particular phenotype, or that produce a particular phenotype. Their use in 
livestock breeding is now growing globally. 
The major components of a wool fibre are the keratin proteins and keratin-associated proteins 
(KAPs). Many of the genes that produce these proteins are polymorphic, and putative quantitative 
trait loci (QTLs) that influence wool traits have been reported within the chromosomal regions that 
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encode these genes. This suggests the keratin and KAP genes (KRTs and KRTAPs respectively) may be 
useful candidate genes for the gene-marker assisted selection of sheep with superior wool. 
In this literature review, I will describe the keratin and KAP proteins, the genes that encode these 
proteins, and what is currently known about their association with wool traits. 
1.2 Wool 
Wool is the hair of various breeds of domesticated sheep (Ovis aries) and other animals, including 
cashmere from goats, and fibre from camels, vicuna, alpacas and angora rabbits (Höcker, 2002). It 
grows from follicles in the sheep’s skin, and its primary purpose is to protect sheep from the 
environment. 
1.2.1 The physical characteristics of wool 
Wool has several characteristics that differentiate it from hair: including that it is crimped, elastic, 
and that it grows in clusters (D'Arcy, 1986). The crimp of wool means that it can form structures that 
prevent the fibres from packing too solidly together. Air is trapped between the crimped fibres, 
making it an excellent insulator. It also means that wool has the ability to stretch or to be elastic, and 
to expand to fill a volume, after having been compressed. Synthetic fibres have difficulty competing 
with this wool property. Higher bulk and elastic wools are also strong and durable under repeated 
loading, meaning woollen products can be very durable, and that wool can be used to create long-
lasting garments (Leeder, 1984)  
Wool fibres have a hydrophobic exterior and hydrophilic interior. This means wool can shed liquid, 
but also absorb it. As moisture is absorbed, the wool releases heat. Conversely as the wool loses 
moisture, as might occur in warmer weather, additional heat is required to enable the evaporative 
loss. The makes the wool feel cool. These qualities are of importance to sheep, as they regulate their 
body temperature and skin moisture levels, but they are also of value to the wearers of clothes made 
from wool. The loss of moisture from woollen clothing means they dry out slowly (Leeder, 1984). 
Wool is a remarkable insulating material because of its chemical structure and water-absorbing 
properties. It also has good flame resistance properties and is difficult to ignite. Any flame produced, 
spreads slowly, and is easily extinguished. The residue left after burning is a low-temperature, fragile, 
non-sticking ash; while synthetic fibres frequently burn hotly and can produce a molten residue. 
Wool fibres readily accept dyes, which can be bound to them covalently. The natural off-white raw 
colour is an easy colour to modify with dyes, and this is a result of the wide variety of chemical 
groups in the fibre that dyes can bind to (Leeder, 1984).  
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These properties and others, led humans to recognise that wool fibres could be used to make 
clothing, including the spinning of the fibres into a yarn, and weaving of that yarn into fabrics. Wool 
is now also widely used in bedding, carpets and other interior textiles. 
1.2.2 Wool production and consumption 
The total global sheep population in 2014 was over 1.2 billion (http://faostat3.fao.org) and more 
than 1000 sheep breeds exist. China, Australia, India and Iran have the largest numbers of sheep. 
Domestic sheep are bred for many purposes, including meat, milk, leather, furs and wool. 
Internationally, greasy wool production is about 2.12 million tonnes per annum 
(http://faostat3.fao.org), and the top producers are China, Australia, and NZ. In 2013, China 
produced about 22% of the total world greasy wool (471,111 tons), while Australia and NZ produced 
about 17% (360,520 tons) and 8% (165,000 tons) respectively (http://faostat3.fao.org). 
Despite an increase in global sheep population, wool production is declining because of a shift in 
breed mix towards dual-purpose and meat breeds, at the expense of wool breeds. The global supply 
of wool is at its lowest in decades. 
China has strongly grown its economy in the last decade, and the demand for wool is increasing in 
that country. It has become the largest global importer of raw wool (about 39% of world imports in 
2006), and the largest producer of wool textiles in the world (making over 50% of wool products) 
(IWTO, 2015). 
In NZ, wool production per sheep is approximately 4kg per annum, of which 90% is crossbred wool, 
with merino and mid-micron wool accounting for the rest. NZ is responsible for producing 45% of the 
carpet wool of the world (Cameron B, Con W, & C, 2013). 
1.3 Wool traits and wool measurements 
Wool traits are the various chemical, physical and structural characteristics of wool fibre, and they 
can affect the quality of the product made from wool. Some of the characteristics that are 
economically important include mean fibre diameter (MFD), coefficient of variation of fibre diameter 
(CVFD), fibre diameter standard deviation (FDSD), colour, lustre, fibre curvature, fibre crimp, yield 
(YIELD), bulk, comfort factor (% fibres <30 um) (CF), mean staple strength (MSS) and mean staple 
length (MSL). Furthermore the greasy fleece weight (GFW) and clean fleece weight (CFW) are 
important in determining the quantity of wool produced, rather than the quality. In addition, the 
softness of handle, presence of dark and medulated fibre (DMF) contamination, and vegetable 
matter (VM) content, are also factors that affect the value of wool. 
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1.3.1 Economic importance of wool traits 
The major factor or characteristic affecting the value of wool is MFD (Hunter, 1980; Reid & Botica, 
1995; Taylor & Atkins, 1997; Wickham, 1985). Merino wool is considered the finest wool, with fibre 
diameters ranging from less than 12 µm to 24 µm. Fibre diameter also affects the processing 
performance and dyeing performance of wool, by affecting wool yarn regularity, strength and 
extensibility. Variation in yarns results in variation in the quality of the final product made with that 
yarn (Board, 1996).  
Whiter wools reach higher prices in the market, and higher crimp wools have very uniform fibres that 
are normally considered to be of a higher quality and value. The colour of wool is also associated 
with the MFD, and when the MFD increases the colour of wool usually becomes more yellow. 
Fibre length primarily determines the processing system used for the wool, as well as yarn regularity, 
strength and extensibility, if the wool is spun. This in turn influences subsequent processing 
efficiencies, and final product qualities (Board, 1996). 
Greasy fleece weight and CFW refer to the quantity of wool, rather than the quality. GFW is defined 
as the crude wool weight, as it is directly shorn from sheep without scouring or washing, whereas 
CFW is the weight of scoured wool. Wool yield is the ratio of CFW to GFW, as a percentage. 
1.3.2 Wool measurements 
Wool is not a uniform product and its traits are affected by genetic, environmental and management 
factors. The traditional method to predict the value of wool was visual assessment and ‘handle’, or 
how the wool felt, but this is a subjective method, and is accordingly inconsistent and inaccurate. 
Use of specialised instruments makes the measurement of wool more accurate. This is beneficial not 
only to the grower, but also to the wool buyer and the processor. Wool growers can use test results 
to improve breeding programmes and optimise farm management practices, while wool buyers and 
processors will get an indication of the true value of sale lots of wool, and how they might 
subsequently perform in processing (Board, 1996). 
Mean fibre diameter 
Based on MFD measurement, wool can be classified into three broad groups: fine wool, medium 
wool and strong wool. Merino wool is considered to be the finest wool in the world, while in NZ, 
cross-bred sheep like the NZ Romney, typically have strong wool. Based on International Wool Textile 
Organisation (IWTO) assessments, about 37%, 22% and 41% of wool production in the world is fine 
wool, medium wool and strong wool respectively (IWTO, 2015). 
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Because wool grows in clusters called staples, it is difficult to measure the diameter of each 
individual fibre, so the diameter of a group of fibres is measured and then the average diameter is 
calculated. Typically MFD is the average diameter of several thousand fibres measured in 
micrometres (μm or microns). Wool of a MFD under 16 μm is categorised as ultra-fine wool, from 16 
μm to 19 μm is super-fine wool, from 19 μm to 23 μm is fine wool, from 23 μm to 32 μm is medium 
wool, and over 32 μm is coarse wool. Overall, MFD is the most important factor determining the 
commercial value and end use of wool.  
There are four recognised methods for measuring the fibre diameter of raw wool, three of which are 
regulated by the IWTO. These are the Airflow method (IWTO -12) (IWTO-28 ), the Projection 
Microscope method (IWTO-8), the Optical Fibre Distribution Analyser method (OFDA - IWTO-47) and 
SIROLAN LASERSCAN technology (IWTO- 12) (IWTO, 2013). 
The Airflow method has been used for many years and is the traditional method for measuring MFD. 
It measures the flow of air forced through a pre-set amount of wool fibre. Because finer wool has less 
resistance to air than coarser wool, flow-rate can be used as a proxy measure for MFD. However, the 
density of wool is not constant, so variation in fibre density creates inaccuracy in the micron reading. 
This method is however fast, and inexpensive. 
The Projection Microscope method was used only for a short time and was replaced by OFDA and 
LASERSCAN technology. OFDA is an automated electronic imaging system that rapidly analyses 
images of fibre snippets and determines MFD, the fibre diameter distribution or FDSD, fibre 
curvature, comfort factor and the amount of fibre medulation. 
LASERSCAN was developed from OFDA, and provides a rapid and accurate measurement of fibre 
diameter (Charlton, 1995). This method measures the diameter by detecting the change when a laser 
beam passes across fibre snippets. The change detected by the laser is directly proportional to the 
fibre diameter. 
Both OFDA and LASERSCAN assess fibre snippets and the degree of diameter variation in the sample 
is expressed in terms of FDSD or CVFD. CVFD is calculating by dividing MFD by FDSD, and then 
multiplying by 100%. 
Colour 
Wool colour is a very important determinant of wool value. Wool with superior colour (white and 
bright) is usually preferred commercially, because it can be dyed consistently to the greatest range of 
shades (Reid & Botica, 1995). Yellow-coloured wools are penalised in the market, as they limit 
versatility for dyeing the wool.  
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There are two methods to measure wool colour. The main method is called base colour 
determination (IWTO - 56), it measures the natural wool colour in a near-to-natural environment.  
The base colour method uses a reflectance spectrophotometer to obtain tri-stimulus values for the 
light reflected from the wool at three different wavelengths of the spectrum: X, Y, and Z. The X, Y, 
and Z values represent red, green and blue colour respectively. In wool colour measurement, the Y 
value is indicative of brightness, and the Y-Z value indicative of yellowness. In general, the brightness 
of wool has a value from 56 to 66 and the value of yellowness wool from -5 to +15. Fine wools are 
usually of whiter colour and brighter, while poor coloured wools are yellower and dull (Elliott, 1986). 
The other method is known as the challenge colour method, and involves deliberately exposing wool 
to high humidity and temperatures to encourage discolouration. 
Mean staple length and mean staple strength 
Mean staple length (MSL) and MSS are the average length and strength of a staple of shorn wool. 
They are both determinants of wool quality, and MSS is recognised as second only to MFD in 
determining the value of fine wool (Botha & Hunter, 2010; Brown et al., 2002). MSL and MSS are 
measured using an Automatic Tester for Length and Strength (ATLAS). This method (IWTO - 30) was 
developed by the Australia Wool Testing Authority Ltd (AWTA), and has been used in NZ since 1990. 
MSL is measured in millimetres (mm) and MSS is measured in Newtons per kilotex (N/ktex). This 
represents the average amount of the force required to break a staple of a given thickness. MSS 
varies from less than 10 N/ktex to over 80 N/ktex (Cottle, 1991). Usually, wools of high MSS are 
called ‘sound wools’ and they are considered to be of greater value than those wools with low MSS, 
which are called ‘tender wools’ (Cottle, 1991). Wools are routinely allotted into one of four main 
descriptive categories, which are: sound - includes staples stronger than 25 - 30 N/ktex, part-tender - 
with MSS approximating 20 N/ktex, tender - with MSS values around 15 N/ktex, and rotten - with 
staples breaking with less than 10 N/ktex of force. 
There are two processing systems that need to deal with the variance in wool MSL and MSS, the 
woollen and worsted systems. The woollen system handles short wools of length less than 150 mm 
(Ross, 1978). It produces bulky yarns of low twist, and can be used to produce a wide range of wool 
products, such as apparel, carpets and furnishings. 
The worsted system processes wools that are around 65 mm or longer, and that are called combing-
types (Cottle, 1991). It requires wool of higher length and strength, and produces smooth compact 
yarns of reasonably uniform fineness. The worsted system produces light and medium weight woven 
and knitted fabrics. 
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Fibre curvature/crimp 
Crimp refers to the natural curl in the wool fibre, and it distinguishes wool from hair and fur. The 
higher the crimp of wool, the greater the degree of curvature. Fibre curvature is expressed in 
degrees per millimetre (o/mm) of fibre length. Mean Fibre Curvature (MFC) is the average curvature 
of a fibre snippet measured by the OFDA or LASERSCAN processes. 
Mean Fibre Curvature values range from over 100 o/mm for fine Merinos, to less than 40 o/mm for 
cross-bred wool. In wool processing, higher curvature may impact on the probability of fibre 
entanglement and cause fibre breakage. Conversely, high curvature can promote fibre cohesion in 
yarn, thereby assisting in improving processing performance.  
Greasy fleece weight and clean fleece weight  
The GFW is the mass of raw wool as shorn from a sheep, and that has not been scoured or washed. 
This raw wool has impurities in it, such as vegetable matter, wax, suint, dirt and dung. After removal 
of these impurities, the wool that remains can be weighed to give a CFW. The GFW is typically 
measured following shearing, while CFW is calculated as a product of GFW and yield. 
Yield 
Wool yield (YIELD) is the weight of clean wool that is obtained after the removal of impurities such as 
vegetable matter, wax, suint, dirt and dung. Yield is CFW / GFW x 100% and is expressed as a 
percentage of greasy wool weight (% GFW). 
1.3.3 The heritability of wool traits  
Heritability (h2) is an indication of the extent that the variances observed in progeny are inherited. It 
is expressed on a scale of 0.0 to 1.0. 
A trait with an h2 value over 0.3 is regarded as highly heritable. Selection of parents for breeding, 
based on their wool traits and the h2 of those traits, should lead to improvement in the offspring, 
provided the animals under selection have been reared together to eliminate environmental factors 
that may affect the expression of the traits (Turner, 1964). 
Previous estimates for the h2 of various wool traits are generally high (h2 = 0.3 - 0.6) (Table 1.1). This 
suggests that they are under genetic control, and that they can be improved by breeding.  
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Table 1.1      Heritability (h2) estimates for wool traits. 
Trait Breed h2 (± SE)ɸ Reference 
GFW Merino 0.24 ± 0.07 (Wuliji, Dodds, Jtj, Andrews, & Turner, 2001) 
 Merino 0.29 ± 0.06 (Mortimer, Atkins, Mortimer, & Atkins, 1989) 
 Merino 0.46 ± 0.02 (Huisman, Brown, Ball, & Graser, 2008) 
 NZ Romney 0.35 ± 0.04 (Wuliji, Dodds, Andrews, & Turner, 2011) 
 Corriedale 0.52 ± 0.15 (Benavides & Maher, 2000) 
CFW Merino 0.31±0.04 (Mortimer & Atkins, 1994) 
 Merino 0.28 ± 0.07 (Wuliji et al., 2001) 
 Merino 0.33±0.03 (Pollott & Greeff, 2016) 
 NZ Romney 0.46 ±0.16 (Hawker, Dodds, Andrews, & Mcewan, 1988) 
 NZ Romney 0.36 ± 0.04 (Wuliji et al., 2011) 
 Corriedale 0.37 ± 0.15 (Benavides & Maher, 2000) 
Yield Merino 0.58 ± 0.06 (Wuliji et al., 2001) 
 Merino 0.35 ± 0.05 (Mortimer et al., 1989) 
 NZ Romney 0.40 ± 0.04 (Wuliji et al., 2011) 
 Corriedale 0.75 ± 0.15 (Benavides & Maher, 2000) 
MFD Merino 0.59 ± 0.06 (Wuliji et al., 2001) 
 Merino 0.77 ± 0.02 (Huisman et al., 2008) 
 Merino 0.68 ± 0.01 (Safari et al., 2007a) 
 NZ Romney 0.57 ± 0.05 (Wuliji et al., 2011) 
 Corriedale 0.65 ± 0.15 (Benavides & Maher, 2000) 
 NZ-DP* 0.40 ± 0.10 (Pickering et al., 2013) 
FDSD Merino 0.51 ± 0.10 (Gifford, Ponzoni, & Hynd, 1995) 
 NZ-DP 0.27 ± 0.11 (Pickering et al., 2013) 
CVFD Merino 0.60 ± 0.06 (Wuliji et al., 2001) 
 Merino 0.40 ± 0.02 (Huisman et al., 2008) 
 Merino 0.57 ± 0.02 (Safari et al., 2007a) 
 NZ-DP 0.23 ± 0.10 (Pickering et al., 2013) 
MSS Merino 0.39 ± 0.02 (Gifford et al., 1995) 
 Merino 0.13 ± 0.09 (Wuliji et al., 2001) 
 NZ Romney 0.34 ± 0.14 (Hawker et al., 1988) 
 NZ Romney 0.24 ± 0.05 (Wuliji et al., 2011) 
MSL Merino 0.71 ± 0.11 (Wuliji et al., 2001) 
 Merino 0.48 ± 0.05 (Mortimer & Atkins, 1994) 
 Merino 0.54 ± 0.03 (Swan, Purvis, & Piper, 2008) 
 NZ Romney 0.41 ± 0.06 (Wuliji et al., 2011) 
Curvature NZ-DP 0.31 ± 0.10 (Pickering et al., 2013) 
Brightness Merino 0.38 ± 0.06 (Wuliji et al., 2001) 
 NZ Romney 0.23 ± 0.12 (Hawker et al., 1988) 
 NZ Romney 0.12 ± 0.03 (Wuliji et al., 2011) 
 Corriedale 0.22 ± 0.11 (Benavides & Maher, 2000) 
Yellowness Merino 0.42 ± 0.07 (Wuliji et al., 2001) 
 NZ Romney 0.14 ± 0.04 (Wuliji et al., 2011) 
 Corriedale 0.27 ± 0.13 (Benavides & Maher, 2000) 
* NZ-DP: NZ dual-purpose sheep which are dominated by NZ Romney, Coopworth, Perendale, Texel 
and composite crosses of these breeds. 
ɸ SE: standard error. 
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1.3.4 Phenotypic correlations between wool traits 
In animal breeding, most production traits are not only affected by environmental and physiological 
factors, but also by genetic factors. Traits can also be correlated and understanding this effect is very 
important in breeding, especially if improvement in one trait, negatively affects other traits. 
The measure of trait correlations can vary from -1.0 (indicating a high negative relationship) to +1.0 
(reflecting a high positive relationship). Correlations obtained from traits measured for different 
characteristics on the same animal are phenotypic correlations (rp), while characteristics shared by an 
animal and its sire-line and observed in several half-sib families, are called genetic correlations (rg). 
Phenotypic correlations are observed between traits and depend on both environmental correlations 
(re) and rg. The relationship between the three is complex and they may differ in sign, as well as in 
value, for the same pair of traits (Bowman, 1974).  
A rg can reflect pleiotropy, whereby a single gene is influencing more than one trait at the same time, 
or reflect linkage between two gene loci, each of which is influencing a single character (Johansson & 
Rendel, 1968). The rg caused by pleiotropy with a single gene is permanent, and this correlation 
therefore cannot be altered by selection. However, the correlation caused by linkage is transient, and 
may change in time as a consequence of selection and crossing-over (recombination) during meiosis 
(Bowman, 1974). The main value of understanding rg, is to predict the changes in character that are 
not being directly selected for, but that are correlated to the trait being directly selected for 
(Bowman, 1974). 
There is a considerable variation in the various values of rg and rp between wool traits (Table 1-2). 
Overall strong positive correlations are reported between GFW and CFW, and FDSD and CVFD. 
Understanding the rp and rg between traits is an integral part of developing better breeding strategies 
to improve wool quality, and increase farm profitability. 
1.4  Wool growth and fibre morphology 
Wool and hair fibres grow out of the skin through tubular canals called follicles. The manner of 
growth within the follicle determines both the amount and characteristics of the fibre produced. It is 
mainly determined by genetic factors (Rogers, 2006). 
1.4.1 Follicle structure and wool growth 
A mature follicle consists of four parts. These are the outer tube of cells, the outer root sheath, the 
inner root sheath and a follicle bulb (Figure 1.1). Cells in the follicle bulb undergo cell division and 
commence movement up the follicle. Keratin gene (KRT) and KAP gene (KRTAP) expression occurs, 
then the whole cellular structure becomes fixed and stable through disulphide bonding and cell 
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dehydration. Inner Root Sheath degradation occurs as the fibre exits the skin (Helmut, Karola, & 
Crisan, 2005). 
Table 1.2      Correlation estimates reported for wool traits. 
Traits  Breed Genetic 
correlation 
(± SE) ɸ 
Phenotypic 
correlation 
(± SE) ɸ 
Reference 
GFW× CFW Merino 0.84 ± 0.05 0.92 ± 0.01 (Wuliji et al., 2001) 
  NZ Romney 0.95 ± 0.01  0.95 ± 0.00 (Wuliji et al., 2011) 
 Yield Merino -0.18 ± 0.02  -0.07 ± 0.01 (Safari et al., 2007b) 
  NZ Romney -0.03 ± 0.10  0.01 ± 0.02 (Wuliji et al., 2011) 
 MFD Merino 0.27 ± 0.02  0.24 ± 0.01 (Safari et al., 2007b) 
  NZ Romney 0.40 ± 0.07  0.48 ± 0.02 (Wuliji et al., 2011) 
 FDSD Merino 0.22 ± 0.02  0.17 ± 0.01 (Safari et al., 2007b) 
 CVFD Merino 0.10 ± 0.02  0.05 ± 0.01 (Safari et al., 2007b) 
 MSL NZ Romney 0.44 ± 0.09  0.38 ± 0.02 (Wuliji et al., 2011) 
 MSS Merino 0.31 ± 0.11  0.25 ± 0.03 (Wuliji et al., 2001) 
  NZ Romney 0.31 ± 0.11  0.25 ± 0.03 (Wuliji et al., 2011) 
CFW× Yield Merino 0.31 ± 0.03  0.54 ± 0.11 (Wuliji et al., 2001) 
  NZ Romney 0.23 ± 0.09  0.30 ± 0.02 (Wuliji et al., 2011) 
 MFD Merino 0.15 ± 0.12  0.21 ± 0.03 (Wuliji et al., 2001) 
  NZ Romney 0.42 ± 0.07  0.50 ± 0.02 (Wuliji et al., 2011) 
 FDSD Merino 0.16 ± 0.03  0.13 ± 0.01 (Safari et al., 2007b) 
 CVFD Merino 0.01 ± 0.02  0.01 ± 0.01 (Safari et al., 2007b) 
 MSL Merino 0.21 ± 0.14  0.30 ± 0.04 (Wuliji et al., 2001) 
  NZ Romney 0.55 ± 0.08  0.42 ± 0.02 (Wuliji et al., 2011) 
 MSS Merino 0.36 ± 0.28  0.15 ± 0.04 (Wuliji et al., 2001) 
  NZ Romney 0.41 ± 0.11  0.29 ± 0.03 (Wuliji et al., 2011) 
Yield× MFD Merino 0.09 ± 0.09  0.00 ± 0.03 (Wuliji et al., 2001) 
  NZ Romney 0.17 ± 0.08  0.13 ± 0.03 (Wuliji et al., 2011) 
 FDSD Merino -0.08 ± 0.03  -0.07 ± 0.01 (Safari et al., 2007b) 
 CVFD Merino -0.14 ± 0.03  -0.10 ± 0.01 (Safari et al., 2007b) 
 MSL Merino 0.19 ± 0.12  0.22 ± 0.04 (Wuliji et al., 2001) 
  NZ Romney 0.30 ± 0.10  0.12 ± 0.03 (Wuliji et al., 2011) 
 MSS Merino 0.52 ± 0.22  0.13 ± 0.04 (Wuliji et al., 2001) 
  NZ Romney 0.32 ± 0.11  0.10 ± 0.03 (Wuliji et al., 2011) 
MFD× FDSD Merino 0.54 ± 0.01  0.41 ± 0.01 (Safari et al., 2007b) 
 CVFD Merino -0.16 ± 0.02  -0.10 ± 0.01 (Safari et al., 2007b) 
 MSL Merino 0.00 ± 0.12  0.07 ± 0.05 (Wuliji et al., 2001) 
  NZ Romney 0.34 ± 0.09  0.35 ± 0.03 (Wuliji et al., 2011) 
 MSS Merino 0.52 ± 0.25  0.25 ± 0.04 (Wuliji et al., 2001) 
  NZ Romney 0.52 ± 0.09  0.32 ± 0.03 (Wuliji et al., 2011) 
FDSD× CVFD Merino 0.81 ± 0.01  0.79 ± 0.01 (Safari et al., 2007b) 
MSS× MSL Merino 0.35 ± 0.30  0.03 ± 0.05 (Wuliji et al., 2001) 
  NZ Romney 0.46 ± 0.11  0.34 ± 0.02 (Wuliji et al., 2011) 
ɸ SE: standard error. 
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1.4.2 The composition and structure of wool 
Through an optical microscope, there are three major regions visible in wool fibres that have been 
cut laterally: the cuticle, the cortex and on occasions, a central hollow medulla (Figure 1.2) (Onions, 
1962). 
The cuticle consists of over-lapping flattened cells that protect the fibre from environmental 
challenges (Höcker, 2002), while the cortical cells control the major physical properties of wool. 
The medulla, which can occur in the centre of the fibre, consists of an air-filled network of 
membranes (Onions, 1962). Finer wools are usually not medulated. 
The cuticle  
The cuticle is just one cell thick and it protects the fibre from environmental challenges. The cell is a 
nearly rectangular sheet, slightly bent, and approximately 20 μm wide, 30 μm long, and 0.5 - 0.8 μm 
thick. These sheets overlap each other to form a ‘scale pattern’ (Höcker, 2002). 
Transmission electron microscopy has revealed that the cuticle cells have a laminated structure 
comprised of three layers: the epicuticle (outer-most layer), the exo-cuticle (middle layer) and the 
endo-cuticle (inner-most layer) (Figure 1.2). The layers contain a variety of proteins and 
polysaccharides. The epicuticle is about 2.5 nm thick and amounts to about 0.1% of fibre weight. It 
plays a dominant role in determining the surface chemistry of the fibre (Leeder, 1986). As well as 
being hydrophobic, the epicuticle is also chemically resistant and able to resist attack from alkalis, 
oxidising agents, and proteolytic enzymes (Höcker, 2002). 
The cortex 
The cortex contains spindle-shaped cells with a length of 45 - 90 μm and a width of 2 - 6 μm, each of 
them comprised of bundles of filaments called macrofibrils. The cortex can make up 90% of the fibre 
by volume, and it plays an important role in determining the physical properties of wool. 
Three different types of cortical structures exist: the orthocortex, the paracortex and the mesocortex 
(an intermediate structure between ortho- and paracortex). Because of the difference in tension 
created between the paracortex and the orthocortex, wool fibre growth is typically asymmetrical, 
and this produces crimp and curvature in the wool. 
The macrofibrils and microfibrils 
Each cortical cell has 5 - 20 microfibrils at the widest point, with a diameter of 100 – 300 nm. These 
are embedded into the inter-macrofibrillar matrix material comprised of the cytoplasmic and nuclear 
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remnants of the keratinocytes. The macrofibrils are composed of bundles of 500 - 800 microfibrils, 
each of them enveloped by KAPs. Figure 1.2.  
1.4.3 The chemical composition of wool fibre 
Wool proteins consist mainly of carbon, hydrogen, oxygen, nitrogen and sulphur. The elemental 
composition is typical of animal proteins, with the exception of the proportionately larger content of 
sulphur. This sulphur is a very important element in wool, because it is an important part of the 
amino acid cysteine, and cysteine is a key determinant of wool structure and how we classify wool 
proteins.  
Four fractions of protein were historically extracted from wool by reduction and carboxy-
methylation: the low sulphur fraction (LSF), the high sulphur fraction (HSF), the ultra-high sulphur 
fraction (USF) and the high glycine/tyrosine (HGT) fraction.  
The fibre is primarily composed of proteins called hard α-keratins that have a high sulphur content. 
In wool fibre, the α-keratins are assembled in a highly organized fashion into the keratin 
intermediate filaments, and these are enveloped by an inter-filamentous matrix consisting of the 
KAPs (Crisan & Hartwig, 2007). 
The initial attempts to identify and classify wool proteins were made in 1934, and resulted in the 
protein being classified into two classes of extractable proteins, the S-carboxy methyl kerateine A 
(SCMK-A) class and the S-carboxy methyl kerateine B (SCMK-B) class. These subsequently became 
known as the KIF proteins and KAPs respectively (Goddard & Michaelis, 1935). 
1.5  Wool and hair keratins 
1.5.1 The α-keratins and the keratin intermediate-filament proteins  
The hard α-keratins are fibrous structural proteins that form the intermediate filaments. They are 
typically low-sulphur proteins and are grouped into type I and type II families, according to their site 
of expression, function and pKa (whether they are acidic or neutral/basic). They can be further 
divided into epithelial cytokeratins and hair keratins (Heid, Moll, & Franke, 1988; Heid, Werner, & 
Franke, 1986; Lynch, O'Guin, Hardy, Mak, & Sun, 1986). 
The structure of keratins 
Analysis of the amino acid content of the keratin proteins reveals they are rich in lysine, aspartic acid, 
glutamic acid and leucine; and that they have lower concentrations of cysteine and proline, relative 
to other wool proteins. The NH2 and COOH ends of the keratins have cysteine residues that cross-link 
to other wool proteins through the formation of disulphide bonds (Powell, 1996). 
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All keratins have a tripartite structure consisting of an N-terminal head domain, a central α-helical 
rod domain and C-terminal tail domain, and each of these domains is further divided into sub-
domains (Coulombe, Tong, Mazzalupo, Wang, & Wong, 2004; Steinert et al., 1984). The head domain 
has a globular non-helical structure with β-turns. The type I and type II keratins, are divided into E1 
(end), V1 (variable) and H1 (sequence of homology) sub-domains of head domain; while the tail 
domain type I keratins, have only the V2 and E2 sub-domains (Steinert, 2001; Steinert & Roop, 1988; 
Steinert, Steven, & Roop, 1985). The structural features of type I and type II keratins are illustrated in 
Figure 1.3. 
The rod domain  α-keratins possess about 310 amino acids and consists of four right-handed α-helical 
sub-domains, named 1A, 1B, 2A and 2B. These are separated by non-helical β-turns called ‘linker’ 
regions, these being named L1, L12 and L2 (Hanukoglu & Fuchs, 1983; Steinert, 2001). More recently 
study has been revised to three coiled regions, which were Coil 1A, 1B  and  2 and two linkers L1 and 
L12, with Coil 2 having 3 hendcad (11 - residue) repeats at the start of the coil and thereafter a 
standard heptad repeat, either side of the stutter. The α-helical sub-domains are composed of 
repeats of seven amino acids in positions labelled a-b-c-d-e-f-g. This heptad favours the formation of 
a coiled-coil, in which right-handed α-helices coil around one another in a left-handed manner, to 
form a rod-like structure (Fuchs & Weber, 1994; Steinert & Roop, 1988). The tail domain is globular 
and non-helical.  
Type II keratins divide into H2, V2 and E2 sub-domains, but the type I keratins only possess a short 
domain and no H2 sub-domain (Steinert & Roop, 1988). The E1 and V1 sub-domains are usually 
larger, more basic and more glycine and serine rich, when compared to the E2 and V2 sub-domains. 
Both type I and type II keratins can be categorised into epithelial keratins and hair keratins. Hair 
keratins have a high cysteine and proline content in the head and tail domains, while the epithelial 
keratins are rich in glycine and serine, and have a low cysteine content overall.  
1.5.2 Diversity within hair and wool keratins 
Currently 17 human hair keratins have been characterized: eleven of which are type I and six of 
which are type II hair keratins (Langbein, 1999; Langbein et al., 2007; Langbein, Rogers, Winter, 
Praetzel, & Schweizer, 2001b). The type I hair keratins include the individual proteins K31, K32, K33A, 
K33B, K34-K40, and the type II hair keratins include K81-K86, when classified using the nomenclature 
proposed by (Schweizer et al., 2006).  
Type I keratins 
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Originally there are five type I KIF proteins that are abundant in mammalian hair, but only four sheep 
type I proteins have been identified. These sheep proteins were originally named 8a, 8b, 8c-1 and 8c-
2. They were then re-named K1.1 (sheep 8c-1, mouse mHa1), K1.2 (sheep 47.6 kDa, human and 
mouse Ha3), K1.3 (mouse Ha4), K1.4 (mouse Ha2) and K1.5 (mouse HRa-1) (Sparrow, Robinson, 
Caine, Mcmahon, & Strike, 1992). In the most recent nomenclature they are known as K31, K33a, K34 
and K32 respectively (Table1.3) (Schweizer et al., 2006). K1.5 is described as a hair-related keratin 
(HRa-1), and contains less cysteine than the major mouse hair type I keratins (Tobiasch, Winter, & 
Schweizer, 1992).  
The type I keratins are acidic and range in size from 392-416 amino acids. There are 54-55 and 24-48 
amino acids in the N-terminal domains and C-terminal domains respectively. Their N-terminal 
sequences are conserved, except for the cuticle keratin K1.4. The main difference between K1.1, K1.2 
and K1.3 is in the length of their C-terminal domains, notably deletions/insertions of 3, 9 or 24 amino 
acids. These features are conserved in the orthologous proteins in sheep and humans. 
K31 (hHa1): Molecular weight (Mw) 47.2 kDa. It is expressed in the cortex of human hair, and it is 
also expressed in the epithelial cells of the nail matrix (Cribier, Peltre, Grosshans, Langbein, & 
Schweizer, 2004; De et al., 2000; Langbein et al., 2001b). K31 forms heterodimers with K85 (Langbein 
et al., 2007). A lymphoid enhancer binding factor (LEF)-binding site is found in the promoter region of 
KRT31, the K31 gene (Cribier et al., 2004).  
K32 (hHa2): Mw of 50.3 kDa and it is expressed at the bottom and mid-height of the hair cuticle 
(Langbein et al., 2007). Its binding partners are K82 or K85 (Langbein et al., 2007; Langbein et al., 
2001b) 
K33a and K33b (hHa3-I and II): Have similar physico-chemical properties and therefore are difficult to 
separate using gel electrophoresis. The Mw of K33a and K33b are 45.9 kDa and 46.2 kDa respectively 
(Szeverenyi et al., 2008). 
K34 (hHa4): Mw of 49.4 kDa, is expressed in the upper cortex of hair, and it partners with K86 
(Langbein et al., 2007). 
K35 (hHa5): Mw of 50.3 kDa, and it is expressed at the bottom of the hair cuticle. It partners with K85 
(Cribier et al., 2004; Langbein et al., 2007). 
K36 (hHa6):Is expressed in the advanced differentiation of the hair cortical cells, and its Mw is 52.2 
kDa (Langbein, 1999). 
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K37 (hHa7): Expressed in the hair medulla (Jave-Suarez et al., 2004). It has a Mw of 49.7 kDa. The hair 
keratins K81, K85 and K86 are putative partners for the formation of heterodimers with K37 (Jave-
Suarez et al., 2004). 
K38 (hHa8): Expressed in the cortex of hair, and its Mw is 50.5 kDa (Langbein, 1999; Langbein et al., 
2007).  
K39 (Ka35): Expressed in the upper cuticle, upper cortex and medulla of terminal hair follicles in 
humans, with an Mw of 55.6 kDa. Its partner is K82, when forming keratin filaments (Langbein et al., 
2007). 
K40 (Ka36): Mw of 48.2 kDa. It is expressed only in the upper cortex of hair, and the partner protein 
is K82 (Langbein et al., 2007; Langbein et al., 2001b). 
Type II keratins 
Four hair type II keratins have been reported, one mouse sequence and three sheep sequences 
(Powell, Crocker, & Rogers, 1992; Sparrow, Robinson, Mcmahon, & Rubira, 1989). The partial 
sequences of two other hair type II keratins have been reported, a sheep sequence (Powell & 
Beltrame, 1994) and a mouse sequence (Tobiasch et al., 1992). 
The original type II nomenclature was 5, 7a, 7b and 7c, but subsequently these were re-named K2.9 
(sheep IF type IIB), K2.10 (component 7c, mouse Hb4), K2.11 (sheep KII 11) and K2.12 (component 5) 
(Sparrow et al., 1992). Now they are known as K81, K83, K86 and K85 (Table1.3) (Schweizer et al., 
2006). 
The type II keratins are neutral or basic, and they range in size from 479-506 amino acids. The N-
terminal and C-terminal domains vary in length (Powell, 1996; Powell, Rogers, Leigh, Lane, & Watt, 
1994). For example, K85 has an insertion of eleven amino acids and a deletion of one amino acid in 
the central part of the N-terminal domain (Sparrow et al., 1992). In sheep type II keratins, K81 and 
K83 are similar, K86 is a little more divergent and K85 is quite different in the latter half of its C-
terminal domain (Powell & Beltrame, 1994). 
K81 (hHb1): K81 has a Mw of 54.8 kDa, and is expressed in the advanced differentiation of the 
cortical cells of human hairs (Langbein et al., 2001b). Transcripts of KRT81 (the K81 gene) are 
produced simultaneously with KRT83 (Rogers et al., 1997). The amino acid sequence of K81 is similar 
to K83 and K86, and it is synthesised in hair medulla cells (Langbein et al., 2001b).  
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K82 (hHb2): K82 is co-expressed with  K32 early in the development of the supra-basal cells of the 
hair matrix forming the hair cuticle. It has a Mw of 56.6 kDa (Langbein et al., 2001b). The amino acid 
sequence of K82 is very similar to K84 and K85 (Langbein et al., 2001b).  
K83 (hHb3-I and hHb3-II): K83 is expressed simultaneously with K81 and K86 in the advanced 
processes of keratinization in the suprabasal cells that form the cortex of human hairs. It has a Mw of 
54.1 kDa (Langbein et al., 2001b). 
K84 (hHb4): The Mw of K84 is 65 kDa, and it is not expressed in the hair follicle. It is detected in 
extracts of the dorsal epithelium of the human tongue (Langbein et al., 2001b). Its amino acid 
sequence is similar to K82 and K86 (Langbein et al., 2001b). 
K85 (hHb5): K85 is produced in the keratinizing cuticular cells of human hair, and its Mw is 55.7 kDa 
(Langbein et al., 2001b). K85 forms filaments with K36 in the hair matrix, and with K31 forms keratin 
filaments in the lower portion of hair cortex (Langbein et al., 2001b). 
K86 (hHb6): K86 with the Mw of 53.5 kDa is produced in suprabasal cells of the human hair cortex 
cells (Langbein et al., 2001b). The transcripts encoding K86 are produced after the onset of synthesis 
of the transcripts encoding K81 or K83 in hair cortical cells (Rogers et al., 1997). 
Keratin-associated proteins (KAP) 
The proteins forming the matrix between keratin intermediate filaments are the KAPs. The KAPs are 
relatively small, being 10-30 kDa Mw, and characteristically they possess either a high cysteine, or 
high glycine and tyrosine content. Based on their amino acid content the KAPs were originally 
classified into three groups: the high-sulphur (HS) KAPs (≤ 30 mol% cysteine), ultra-high-sulphur 
(UHS) KAPs (> 30 mol% cysteine) and high-glycine-tyrosine (HGT) KAPs (35 - 60 mol% glycine and 
tyrosine) (Gillespie, 1990; Powell et al., 1994). At least 27 KAPs have been identified (Table 1-4), but 
sequence analyses indicate that these sequences may represent fewer families. 
 
Table 1.3      Hair keratins identified in sheep. 
Protein name Gene name Older name(s) GenBank Sequence 
accession numberɸ 
Reference 
Type I keratin (10) 
K31 KRT31 8a, Component 
8c-1; K1.1 
P02534* (Dowling, Crewther, & 
Inglis, 1986) 
K32 KRT32 8c-2, K1.4 HQ283078, 
HQ283077 
(Yu et al., 2011b) 
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K33A KRT33A 8b, 47.6 kDa; 
K1.2 
M23912 (Wilson, Edwards, 
Sleigh, Byrne, & Ward, 
1988) 
K33B KRT33B 8b HQ283080 (Yu et al., 2011b) 
K34 KRT34 8c-1, Keratin A, 
K1.3 
0409251A* (Gough, Inglis, & 
Crewther, 1978) 
K35 KRT35  EU216426 (Yu et al., 2011b) 
K36 KRT36  HQ283082 (Yu et al., 2011b) 
K38 KRT38  EU216427 (Yu et al., 2011b) 
K39 KRT39  HQ283083 (Yu et al., 2011b) 
K40 KRT40  HQ283084 (Yu et al., 2011b) 
Type II Keratin (7) 
K81 KRT81 5, IF type IIB; 
K2.9 
X62509 (Powell et al., 1992) 
K82 KRT82  HQ283086 (Yu et al., 2011b) 
K83 KRT83 7a, Component 
7c; K2.10 
P15241* (Sparrow et al., 1989) 
K84 KRT84  HQ283088 (Yu et al., 2011b) 
K85 KRT85 7c, Component 
5; K2.12 
P25691* (Sparrow et al., 1992) 
K86 KRT86 7b, KII 11; K2.11 P02539* (Crewther, Inglis, & 
McKern, 1978) 
K87 KRT87 K2.13 X72379 (Powell, Crocker, & 
Rogers, 1993) 
ɸAll sequence accession numbers refer to GenBank, and the protein sequences from the GenBank 
Protein database are indicated with *. 
The HS KAP family contains sulphur-rich proteins with a high concentration of cysteine, proline, 
threonine and serine, and a low concentration of methionine, lysine and histidine. The HS family has 
nine proteins: B2A or KAP1-1, B2B or KAP1-2, B2C or KAP1-3, B2D or KAP1-4, BIIIA3A or KAP2-1, 
BIIIA3 or KAP2-3, BIIIB2 or KAP3-1, BIIIB3 or KAP3-2 and BIIIB4 or KAP3-3 (Elleman, 1971, 1972, 
1972b; Elleman & Dopheide, 1972; Haylett & Swart, 1969; Swart & Haylett, 1973). The molecular 
weight of the KAP1, KAP2 and KAP3 family members are approximately 19 kDa, 16 kDa and 11 kDa 
respectively (Marshall et al., 1991). 
Table 1.4      KAPs identified in sheep. 
KAP 
family 
KAP 
member 
Old name Sequence 
type 
Sequence 
accession 
numberɸ 
Reference 
KAP1 KAP1-1 B2A DNA X01610 (Powell, Sleigh, Ward, & 
Rogers, 1983) 
KAP1-2 B2B Protein P02439 (Elleman & Dopheide, 1972) 
DNA HQ897974-
HQ897982 
(Gong, Zhou, Yu, et al., 2011) 
KAP1-3 B2C DNA X02925 (Powell et al., 1983) 
KAP1-4 B2D DNA X01610 
GQ507741-
GQ507749 
(Powell et al., 1983) 
(Gong, Zhou, & Hickford, 
2010a) 
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KAP2 KAP2-1 BIIIA3A, KAP2.12 Protein P02443 (Swart & Haylett, 1973)  
KAP2-3 BIIIA3 DNA* U60024 Unpublished 
KAP3 KAP3-1A BIIIB2 Protein P02441 (Haylett & Swart, 1969)  
KAP3-1B BIIIB2 DNA M21099 (Frenkel, Powell, Ward, Sleigh, 
& Rogers, 1989)  
KAP3-2 BIIIB3 DNA M21100 (Frenkel et al., 1989) 
KAP3-3 BIIIB4 DNA M21103 (Frenkel et al., 1989) 
KAP4 KAP4-1  DNA* X73462 (Fratini, Powell, Hynd, Keough, 
& Rogers, 1994) 
KAP4-3  DNA EU239778 (Yu et al., 2009)  
KAP5 KAP5-1  DNA X55294 (Mackinnon, Powell, & Rogers, 
1990) 
KAP5-2  DNA*  (Powell & Rogers, 1986) 
KAP5-4  DNA X73434 
GU255997-
GU256001 
(Jenkins & Powell, 1994) 
(Gong, Zhou, Plowman, Dyer, 
& Hickford, 2010) 
KAP5-5  DNA* X73435 (Jenkins & Powell, 1994) 
KAP6 KAP6-1 HGT type II DNA M95719 
 
GU319872-
GU319876 
(Fratini, Powell, & Rogers, 
1993) 
(Gong, Zhou, & Hickford, 
2011) 
KAP7 KAP7-1 HGT-C2 DNA X05638 
JN091630 
JN091631 
(Kuczek & Rogers, 1987) 
(Gong, Zhou, Plowman, Dyer, 
& Hickford, 2012) 
KAP8 KAP8-1 HGT-F DNA X05639 
JN091632-
JN091636 
(Kuczek & Rogers, 1987) 
(Gong et al., 2012) 
KAP8-2  DNA KF220646 (Gong, Zhou, Dyer, & Hickford, 
2014) 
KAP11 KAP11-1  DNA HQ595347-
HQ595352 
(Gong, Zhou, Dyer, & Hickford, 
2011) 
KAP13 KAP13-3  DNA JN377429-
JN377433 
(Gong, Zhou, Dyer, Plowman, 
& Hickford, 2011) 
KAP24 KAP24-1  DNA JX112014-
JX112017 
(Zhou, Gong, Yan, Luo, & 
Hickford, 2012) 
* Partial sequence 
ɸAll sequence accession numbers refer to GenBank. 
The molecular weights of the UHS proteins are between 16 and 28 kDa (Marshall & Gillespie, 1976), 
with an extremely high concentration of cysteine (Powell, 1996). These proteins comprise three 
multigene families: the cortex-specific KAP4 family, the cuticle-specific KAP5 family and the cortex-
specific KAP9 family. 
The HGT proteins are the smallest KAPs, with molecular weights between 6 and 9 kDa (Powell et al., 
1994). They are rich in glycine, tyrosine and serine, and have been further divided into the Type I and 
Type II HGTs based on their solubility and amino acid composition (Marshall et al., 1991). These 
proteins include KAP6 (type II), KAP7 (type I) and KAP8 (type I). 
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1.5.3 The genes encoding the keratins and keratin-associated proteins 
The keratin genes 
The keratins are encoded by a group of genes categorised as KRT, and that possess similar nucleotide 
sequences. Type I epithelial keratin genes consist of eight exons, while type I hair keratin genes 
possess seven exons. Both the type II epithelial and hair keratin genes possess nine exons, the 
exception being KRT19 which is encoded by five introns (Bader, Magin, Hatzfeld, & Franke, 1986). 
More than 54 KRTs have been characterized in humans. Seventeen are human hair keratins, including 
eleven type I and six type II genes, and these genes are clustered in families on two chromosomes 
(Figure 1.4). 
The type I hair keratin genes are clustered on human chromosome 17q21.2, with KRT39 and KRT40 
forming one sub-cluster and the others forming another sub-cluster (Langbein et al., 2007; Rogers, 
Winter, Langbein, Bleiler, & Schweizer, 2004). The type II hair keratin genes are clustered on human 
chromosome 12q13.13, and flanked by two epithelial keratins KRT75 and KRT6 (Rogers et al., 2005). 
The exception is KRT18 which is a type I keratin gene, but is located on chromosome 12, next to the 
type II keratin genes (Waseem, Alexander, Steel, & Lane, 1990).  
In sheep, the homologues KRTs are clustered on chromosome 3q14-q22 and 11q25-q29 (Hediger, 
Ansari, & Stranzinger, 1991). Seventeen wool keratins have been revealed, with ten type I KRTs 
(KRT31, KRT32, KRT33A, KRT33B, KRT34-36, KRT38-40) and seven type II KRTs (KRT81-KRT87) (Powell 
et al., 1992; Powell et al., 1993; Wilson et al., 1988; Yu et al., 2011b). It would appear that sheep and 
humans may have similar numbers of hair/wool keratins, but more investigation is required to 
confirm this. 
It is worth noting that despite the similarities between human and ovine keratin genes, most of the 
hair keratin gene sequences are derived from cDNA sequences (Yu et al., 2011b), and the sequences 
of the hair keratin genes need to be mapped to the ovine chromosomes to determine whether they 
represent different genes, or variants/isoforms of the same gene.  
Research has also revealed that some human hair keratin genes are pseudogenes (Rogers et al., 
2005; Rogers et al., 2004). Further research is needed to determine whether the orthologs of these 
pseudogenes are functional in sheep (e.g. human type I hair keratin pseudogene ϕhHaA has been 
reported to have functional orthologs in the chimpanzee and gorilla (Winter et al., 2001)). 
The sheep wool keratin gene catalogue needs to be updated and refined with further research. 
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Polymorphism within the keratin genes 
Studies describing sequence variation in the human hair keratins are limited. They have typically 
focused on the expression of human keratin genes and sheep keratin genes, and not least because of 
the association between keratins and disease in humans, and the economic importance of wool in 
sheep production. 
To date, nucleotide sequence variation has been described in KRT33A (KRT1.2), KRT83 (KRT2.10) and 
KRT87 (KRT2.13). 
Rogers (1993) reported a diallelic MspI polymorphism in KRT33 using PCR-RFLP (Rogers, Hickford, & 
Bickerstaffe, 1993), while five alleles were reported for KRT33A in Merino sheep using PCR-SSCP 
(Itenge-Mweza et al., 2007). 
KRT83 has been mapped to ovine chromosome 3, and two alleles have been reported at this locus 
using a BsrDI PCR-RFLP (McLaren, Rogers, Davies, Maddox, & Montgomery, 1997). McKenzie et al. 
(2012) reported seven alleles defined by variation in the 5’-untranslated region (UTR) of ovine KRT87 
(McKenzie, Arora, & Hickford, 2012). 
Polymorphism in the KAP genes 
The KRTAPs encode proteins that are smaller in size (between 0.6 and 1.5 kb) and don’t have introns. 
More than 100 KRTAPs have been isolated from mammalian species and these have been grouped 
into 27 families (Rogers, Langbein, Praetzel-Wunder, & Giehl, 2008; Rogers & Schweizer, 2005; 
Rogers et al., 2007). 
In humans, 88 KRTAPs from 25 families are clustered on three chromosomes (at locations 17q21.2, 
11q15.5, 11q13.4, 21q22.3, 21q.22.1), and except for families 16, 22, 25 and 27, all of the KRTAPs are 
expressed in the human hair follicle (Rogers & Schweizer, 2005; Rogers et al., 2007).  
In sheep, 23 KRTAPs are clustered on three chromosomes (Chr 1, Chr 11 and Chr 21). Polymorphism 
in KRTAPs has been described in many studies (Gong, Zhou, Dyer, & Hickford, 2011; Gong et al., 
2014; Gong, Zhou, Dyer, Plowman, et al., 2011; Gong, Zhou, et al., 2010a; Gong, Zhou, & Hickford, 
2011; Gong, Zhou, & Hickford, 2010b; Gong, Zhou, Plowman, et al., 2010; Gong et al., 2012; Itenge-
Mweza et al., 2007; McLaren et al., 1997; Rogers, Hickford, & Bickerstaffe, 1994; Zhou et al., 2012). 
In humans, polymorphism studies have been restricted to the KRTAP1 and KRTAP4 families and the 
studies were restricted to discrete Caucasian and Japanese populations (Kariya, Shimomura, & Ito, 
2005; Shimomura et al., 2002).  
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In sheep, the polymorphism studies have focused on KRTAP1, 3, 5-8, 11, 13 and 24 families, and all 
the genes exhibit varying degree of polymorphism (Gong, Zhou, & Hickford, 2011; Gong, Zhou, 
Plowman, et al., 2010; Itenge-Mweza et al., 2007; McLaren et al., 1997; Rogers et al., 1994). 
1.6 Keratin expression 
All human hair keratin genes are expressed in the hair follicle, except for the human type II hair 
keratin K84, which is found in the filiform papillae of the tongue (Langbein et al., 2001b). K84 is 
expressed in the sheep wool follicle along with type II hair keratin K87 (Yu et al., 2011b). 
Hair keratin genes exhibit complex and often sequential expression patterns in the hair follicle, and 
this results in distinct type I and type II hair keratin pairing in different hair cuticle and matrix/cortex 
compartments (Langbein, 1999; Langbein et al., 2007; Langbein, Rogers, Winter, Praetzel, & 
Schweizer, 2001a). 
There is strong expression of K31, which begins at the transition of the matrix to cortex, and remains 
obvious throughout the lower and mid-cortex region, until gradually disappearing in the uppermost 
cortex cells (Langbein, 1999). The overall expression of K33A is weaker than K31, and the expression 
area is much smaller. It occurs in the cells of the mid-cortex region, where K36 and K38 are also 
found, and disappears before K31 is expressed. The expression of K34 is as strong as K31, and it is 
expressed almost up to the uppermost cortex cells. K32 transcripts are found exclusively in cells of 
the hair cuticle, and the gene is expressed in the mid-cortex region. 
K35 is expressed in the entire matrix as well as the lowermost cortex region. It is found in similar 
places to K32 transcripts, with K35 transcripts first being seen immediately above the germinative 
cell pool. 
K37 and K38 expressions are extremely weak. K38 is present from the lower to mid-cortex up to the 
zone of hair hardening (Langbein, 1999) (Figure 1.5A). 
K81 and K83 are expressed in the lower to mid-cortex region of hair follicle. 
Unlike K81 and K83, K86 transcripts are found up to the keratogenous zone of the hair shaft 
(Langbein et al., 2001b) (Figure 1.5A). 
K85 and K35 are found in pairs forming the matrix of the cortex and the cuticle. In the lowermost 
portion of hair cuticle, there is competition between K32 and K35 for filament formation with K85, 
but in the mid-cuticle region, K32 pairs with K82 and K85 (Langbein et al., 2001b) (Figure 1.5B). 
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The wool keratins show similar expression patterns to the human hair keratins, but some differences 
also exist (Yu et al., 2011b) (Figures 1.5C and D). K35 and K85 are expressed earlier than other K 
genes, and considerable overlap exists between the expression of K36 and K87. Unlike human keratin 
gene expression, the cortical expression of K32 is observed, along with the more distally extended 
expression of K35 in the wool fibre cuticle than in the cortex, and the absence of K39 expression in 
the cuticle (Yu et al., 2011a). Another notable difference is that from the lower region through to the 
upper region of the follicle, more hair keratins are expressed in the hair follicle cortex, than wool 
keratins in the wool follicle cortex.  
1.7 Genetic markers and their potential for use in the wool industry 
1.7.1 The development of genetic marker technology 
Genetic markers are specific nucleotide sequence differences that ‘mark’ or identify a specific DNA 
sequence in a genome. The advantage of genetic markers is that they can identify the traits which 
are difficult to measure in early life and they are not reliant on phenotypic expression of traits 
(Williams, 2005). Genetic markers enable more accurate selection when breeding to improve any 
given trait in a population. 
There are several techniques that are commonly used to detect both known and new polymorphism, 
including the detection of restriction fragment length polymorphisms (RFLPs), microsatellites, 
minisatellites, polymerase chain reaction-single strand conformation polymorphisms (PCR-SSCPs) and 
single nucleotide polymorphisms (SNPs).  
The PCR-SSCP technique uses two short single strand DNA primers to initiate DNA replication at a 
specific point of the DNA molecule. The advantages of this technique are that it is rapid, sensitive and 
relatively inexpensive to use. In this technique, targeted regions of a gene are amplified using 
Polymerase Chain Reaction (PCR). The amplicon is then denatured to single strands and run under 
electrophoresis conditions that allow the formation of stable secondary structures. These structures 
can be visualised using silver staining and the banding patterns obtained, when optimised, can reveal 
single nucleotide variation in a target DNA sequence.  
Over 1.5 million SNPs have been found in the human genome (Sachidanandam et al., 2001). The SNP 
map opens the possibility of studying by association genetic factors important in complex genetic 
traits in the human (Johnson & Todd, 2000). Association studies can be done with a genome-wide 
approach or candidate gene approach (Collins, Guyer, & Charkravarti, 1997). Genotyping of SNPs will 
likely be a major part of every genetic association study, and the appropriate genotyping method is 
critical to the success of the study. 
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1.7.2 Previous research on KRT genes and their association with variation in wool 
traits 
There are some reports describing associations between wool traits and variation in KRT genes. 
Itenge, Hickford, Forrest, McKenzie, and Frampton (2010b) reported that KRTAP1.1, KRTAP1.3 and 
KRT33 (this should have been called KRT33A) were potential gene-markers that were associated with 
wool staple length, staple strength and yield in Merino and Merino-cross sheep. They reported that 
the variants of KRT33A may affect MFD and MSS, and that if developed as a gene-marker it might 
have an economic benefit for the fine wool industry. Genes located within a region near to KRT33A 
could also have an effect on wool strength (Parsons, Piper, & Cooper, 1994). Rogers et al. (1994) 
reported a potential QTL in NZ Romney sheep that influenced wool staple strength in a region, 
spanning KRTAP1-1, KRTAP1-3 and KRT33A.  
These findings suggest that keratin genes potentially affect wool traits. However, the research was 
primarily focused on KAP gene variation, with a deficiency in the study of the effect of keratin genes 
on wool traits. 
1.8 Aim and objectives of this study 
Keratin intermediate filaments are the main structural components of wool and they cross-link with 
KAPs. Variation in KRTs may therefore affect their expression and structure, and thus their cross-
linking with the KAPs. This may in turn affect wool traits.  
The primary aim of this study is to try and identify associations between variation in key keratin 
genes and wool traits, and further to ascertain whether these would have potential value as gene-
markers to improve wool quality. 
Few KRTs have been described in sheep, and it is expected that more KRTs exist in the sheep 
genome, based on the similarities observed between the chemical composition and structure of wool 
and human hair, and similarity in the proteins and genes that have been described to date.  
The main objective of this study is therefore to identify KRTs and describe in detail sequence 
variation in those genes. The second objective is to investigate whether variation in these KRTs is 
associated with variation in any wool traits in sheep, and if the genes are associated with 
economically important wool traits, then ascertain whether gene-marker systems for these traits 
could be developed. 
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Chapter 2 
Identification of Four Ovine Keratin Genes (KRT) and 
Characterisation of Polymorphism in Those Genes 
2.1 Introduction 
The keratins are the main structural proteins of wool and encoded by a group of genes with similar 
nucleotide sequences. More than 54 keratin genes (KRTs) have been identified in humans, and 17 of 
them are hair keratins. These are ten type I KRTs (KRT31, KRT32, KRT33A, KRT33B, KRT34-36, KRT38-
40) and seven type II KRTs (KRT81-KRT87) identified in sheep (Powell et al., 1992; Powell et al., 1993; 
Wilson et al., 1988; Yu et al., 2011b). Sheep may have a similar number of keratin genes to humans, 
but further investigation is required to confirm this. 
Despite the limited research that has been undertaken on ovine KRTs, the genes identified and 
characterised to date are polymorphic: including KRT33A (KRT1.2) (Itenge-Mweza et al., 2007; Rogers 
et al., 1993), KRT83 (KRT2.10) (McLaren et al., 1997) and KRT87 (KRT2.13) (McKenzie et al., 2012). 
Our limited knowledge of the ovine KRTs has hindered research into whether these genes affect wool 
traits. 
In this context, this chapter describes the identification of four ovine keratin genes and 
characterisation of sequence variation in them. The genes studied include the promoter, exon 2 and 
exon 3 - 4 regions of KRT83; the promoter and exon 3 - 4 regions of KRT85; the promoter, exon 1, 
exon 3 and exon 7 region of KRT31; and the KRT34 promoter region. 
Ovine KRT83 is located on sheep chromosome 3. Seven other ovine KRT genes have been identified 
on this chromosome, these are Hb1-like, Hb3-like, Hb5-like, KRT86 (Hb6), KRT81, KRT85 (component 
5) and KRT86 (KRT2.11). KRT83 (KRT2.10) has been reported to have two nucleotide sequence 
variants using a BsrDI PCR-RFLP typing approach (McLaren et al., 1997), but there has been no 
investigation of KRT31, KRT85, and KRT34 to date.  
2.2 Materials and methods 
2.2.1 Sheep blood samples and DNA extraction 
A diverse group of Merino, NZ Romney and White Dorper sheep (n = 300), sourced from 26 farms in 
NZ were studied. Blood samples were collected onto filter paper card cards and genomic DNA was 
purified using a two-step procedure described by Zhou, Hickford, and Fang (2006). 
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2.2.2 Identifying KRT homologues in the sheep genome sequence 
The ovine KRT genes were identified in Ovine Genome Assembly v3.1, as v4.0 was not available when 
the study was undertaken. 
The gene KRT83 (GenBank NP_001185998, ENSOARG00000017113, Oar_v3.1:CM001584.1) was 
identified on chromosome 3 between nucleotides 133,886,248 and 133,892,660 
(http://www.ensembl.org/Ovis_aries/Gene/Summary?g=ENSOARG00000017113;r=3:133886248-
133892660;t=ENSOART00000018630). 
The gene KRT85 (ENSOARG00000017098, Oar_v3.1:CM001584.1) was identified on chromosome 3 
between nucleotides 133,839,520 and 133,847,111). 
The gene KRT31 (ENSOARG00000016473, Oar_v3.1:CM001592.1) was identified on chromosome 11 
between nucleotides 41,105,175 and 41,108,801. 
The gene KRT34 (ENSOARG00000016328, Oar_v3.1:CM001592.1) was identified on chromosome 11 
between nucleotides 41,084,470 and 41,088,829.  
These ovine assembly gene sequences were used to design PCR primers for amplifying the individual 
gene loci. 
2.2.3 PCR primer design and amplification regimes 
PCR primers for amplifying 13 regions of these four genes (Table 2.1) were designed based on the 
ovine genome assembly sequences described above. The primers were synthesised by Integrated 
DNA Technologies (Coralville, IA, USA). 
Amplification of each region was performed in 15-µL reactions including the genomic DNA on a 1.2 
mm punch of filter paper card paper, 10× reaction buffer, 0.5 U of Taq DNA polymerase (Qiagen, 
Hilden, Germany), 250 nM of each primer, 150 µM of each dNTP (Eppendorf, Hamburg, Germany) 
and a final Mg2+ concentration of 2.5 mM. 
The cycling parameters for PCR amplification consisted of an initial denaturation step at 94 °C for 2 
min, followed by 35 cycles of: 30 s at 95 °C, 30 s at the annealing temperature shown in Table 2.1 and 
30 s at 72 °C; with a final extension at 72 °C for 5 min. Amplification was undertaken in either iCyclers 
or S1000 thermal cyclers (both from Bio-Rad, Hercules, CA, USA). 
Amplicons were visualized by electrophoresis in 1% agarose (Quantum Scientific, Queensland, 
Australia) gels, using 1× TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM Na2EDTA) containing 200 
ng/ml of ethidium bromide. 
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Table 2.1      PCR primer sequences, annealing temperatures and SSCP conditions used in this 
chapter for amplifying the ovine KRT gene regions. 
Gene Region Primer 
binding 
coordinates1 
Primer sequence (5’-3’) Predicted 
amplicon size 
(bp)2 
PCR 
annealing 
temperature 
(°C) 
SSCP 
electrophoresis 
conditions3 
KRT83 Promoter-up 133717044-
133717063 
AGAGGCAATTAGGAGTGTGG 520 63 280 V, 14%, 20 °C 
Promoter-dn 133717563-
133717544 
GTGAGTGGTCAGTTATGTCC 
Exon 2-up 133721248-
133721267 
ATCCTGGGTCTTGGTGGTG 371 63 320 V, 14%, 4 °C 
Exon 2-dn 133721618-
133721601 
CACAGGTCTGGACGCTCC 
Exon 3 - 4-up 133722529-
133722549 
CATGGTCAAGTTTAGAGTTGC 438 58 220 V, 14%, 20 °C 
Exon 3 - 4-dn 133722966-
133722947 
CTCTGCCTAACCCTTCAGTC 
KRT85 Promoter 1-
up 
133673444-
133673464 
AAGAACGTATCTTGTACGGAG 369 58 250 V, 14%, 25 °C 
Promoter 1-
dn 
133673812-
133673794 
TGGGTCTGAGTGGATGGAG 
Promoter 2-
up 
133673081-
133673100 
CAAGAGATAGTGTCCAGAGC 405 56 300 V, 14%+1% 
Glycerol, 25.5 °C 
Promoter 2-
dn 
133673485-
133673467 
GTCATCGCCTCTGTCCTAG 
Exon 3 - 4-up 133676659-
133676677 
CTGACTCCTCAGCTCCAGC 347 58 250 V, 14%, 29°C 
Exon 3 - 4-dn 133677005-
133676987 
CCCTCACCTCATCATAGAG 
KRT31 Promoter-up 41054039-
41054021 
TGAGTGATAGGCAGGTGGC 457 60 200 V, 14%, 29 °C 
Promoter-dn 41053583 - 
41053602 
CTCAGAAGAGTCCCTTGTCC 
Exon 1-up 41053412-
41053395 
GAACCTCGCTCCCTCCAG 694 55 200 V, 12%,  
33.5 °C 
Exon 1-dn 41052719-
41052736 
TGAGAATCCTGGGACGCT 
Exon 3-up 41052208-
41052188 
ATCCAAGATCATTCCTGTGAG 271 60 320 V, 14%, 8 °C 
Exon 3-dn 41051938-
41051956 
AGGTCTGAGGCTGAGTCAG 
Exon 7-up 41049886-
41049866 
CTCTCTGGTTACATCACAAGC 311 60 250 V, 14%, 26 °C 
Exon 7-dn 41049576-
41049595 
CTCCAGCCATGCACATTGTG 
KRT34 Promoter 1-
up 
41033756-
41033739 
ACAGGCTTCTGCTCTAAG 404 60 330 V, 14%, 12 °C 
Promoter 1-
dn 
41033353 - 
41033373 
GTTTCCTTTCCTAATGCTTCG 
Promoter 2-
up 
41034067-
41034048 
GGATTTCTTCCCTGGAGAAC 351 58 N/A 
Promoter 2-
dn 
41033717-
41033737 
TCACTGTTCAATTCAACTCAT 
Promoter 3-
up 
41034469-
41034449 
GTGAGCTTTCTCTACTTGTGG 443 62 250 V, 14%, 14 °C 
Promoter 3-
dn 
41034027-
41034045 
CCAGCCTCCTCTGTCCATG 
1 Primer binding coordinates reference Oar_v3.1 
2 Predicted Amplicon size based on the primer binding region. 
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3Voltage (V), Acrylamide gel percentage (%), Gel tank temperature (°C) 
2.2.4 SSCP analysis of the gene regions amplified 
All SSCP analysis was carried out in 14% polyacrylamide gels (37.5:1; Bio-Rad, Hercules ,Ca, USA).) at 
200V for 18 h in 0.5× TBE buffer, and at the temperatures listed in Table 2.1. 
A 0.7-µL aliquot of PCR product was mixed with 7 µL of loading dye (98% formamide, 10 mM EDTA, 
0.025% bromophenol blue, 0.025% xylene-cyanol), denatured at 95 °C for 5 min, then cooled rapidly 
on wet ice and loaded onto gels. Once reference samples were determined for each variant, they 
were included on all subsequent gels to facilitate precise genotyping. All gels were silver-stained 
according to the method of (Byun, Fang, Zhou, & Hickford, 2009). 
2.2.5 PCR amplicon sequencing and analysis 
For each of the gene regions amplified, PCR amplicons from sheep homozygous for each of the 
representative SSCP banding patterns were sequenced directly at the Lincoln University DNA 
Sequencing Facility. 
Amplicons from three sheep representing each homozygous banding pattern, were sequenced with 
proof-reading enzymes, and the nucleotide sequences aligned to confirm the sequence, and 
ascertain whether the sheep sequenced were homozygous at the sequence level. 
For variants that were only found in apparently heterozygous sheep, the DNA was sequenced using 
an approach described in Gong, Zhou, Yu, et al. (2011). Briefly, the SSCP band corresponding to the 
variant not found in a homozygous form was excised from the SSCP gel, macerated, and then used as 
a template for re-amplification. The product of the second amplification was then directly sequenced 
in triplicate as described above. 
Sequence alignments, translations (to determine presumed amino acid sequences) and comparisons 
were carried out using DNAMAN (version 5.2.10, Lynnon BioSoft, Vaudreuil, Canada). 
The BLAST algorithm was used to search the NCBI GenBank (http://www.ncbi.nlm.nih.gov/ ) 
databases for sequence homology, in particular, homology to the ovine genome assembly v3.1. 
Prediction of the notional start codon was performed using the NetStart server 
(www.cbs.dtu.dk/services/NetStart). 
Potential phosphorylation sites were predicted using the NetPhos 2.0 Server 
(www.cbs.dtu.dk/services/NetPhos/). 
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Computation of various physical and chemical parameters for notional proteins encoded was 
undertaken using the ProtParam tool (http://web.expasy.org/protparam/). 
2.3 Results 
2.3.1 Variation in ovine KRT83 
Identification of the ovine KRT83 promoter and exon 2 regions 
For the KRT83 promoter and exon 2 regions investigated, one and two SSCP banding patterns 
respectively, were observed. Sequencing of the amplicons producing unique SSCP banding patterns 
in each region, revealed sequences that were at least 99% homologous to the ovine genome (ovine 
genome assembly v3.1, 133717044-133717563, 133721248-133721618) for the KRT83 promoter and 
exon 2 regions respectively. 
No sequence variation was found in the portion of the promoter amplified (Figure 2.1), but sequence 
analysis of the exon 2 region from the 300 NZ Romney, Merino and White Dorper sheep, revealed a 
SNP c.385-23G/C (Figure 2.2) in the segment of intron 1 that was amplified. This gave rise to two 
variants that were designated a and b (Figure 2.2). Either one or a combination of two different 
patterns was observed (Figure 2.2). 
Variant a was found most commonly (at a frequency of 79.5%), while variant b was less common (at 
a frequency of 20.5%) in the sheep investigated. Three genotypes were observed with frequencies of 
64.67%, 29.67% and 5.66% for aa, ab and bb, respectively. 
The KRT83 exon 2 sequences had an open reading frame of 213 nucleotides, encoding a putative 
polypeptide fragment of 69 amino acids. The nucleotide sequences were similar to the human 
(NM_002282.3) and bovine (NM_001083385.1) KRT83 sequences (Figure 2.3). The putative 
polypeptide fragment had a calculated isoelectric point (pI) of 4.94 and contained a high level of 
glutamic acid and leucine. These were present at 17.4 mol% and 14.5 mol% respectively, while 
glutamine was present at 8.7 mol%. It had a low content of aspartate, histidine, isoleucine and 
proline (which only occurred once in the putative polypeptide fragment).  
Approximately five serine/threonine resides were predicted to be phosphorylated using the NetPhos 
2.0 Server. 
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Figure 2.1      Location of the putative KRT83 promoter region (boxed) relative to other KRTs on 
ovine chromosome 3. The KRT83 promoter, exon 2 and exon 3 - 4 coordinates are 
referring to ovine genome assembly v4.1, 133717044-133717563, 133721248-
133721618 and 133722529-133722966. Only one variant was observed for the 
promoter region amplified in the sheep studied. Arrows represent the direction of 
transcription. 
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Figure 2.2     Variation identified in ovine KRT83 exon 2. Two unique PCR-SSCP banding patterns 
representing two sequence variants (a and b) in both homozygous and heterozygous 
genotypes are shown. Only the nucleotide sequences that differ between variants are 
shown. Nucleotide positions refer to GenBank accession no. NC_019460 following the 
nomenclature described at www.hgvs.org/mutnomen/. 
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Figure 2.3     Alignment of the predicted amino acid sequences of the KRT83 exon 2 region. Amino 
acids identical to the top sequences are represented by dashes. Potentially 
phosphorylated residues are shaded. The sheep sequences (GenBank NM_001199069) 
are indicated with “s”, while the sequences of human (NM_02282.3), mouse 
(NM_001201323.1), and cattle (NM_001083385.1) are indicated with “h”, “m” and “c”, 
respectively. 
Identification of the ovine KRT83 exon 3 - 4 region 
A PCR amplicon with the predicted size (438 bp) using the KRT83 exon 3 - 4 primers was obtained 
from all sheep blood samples. This region encompassed exon 3, intron 3, exon 4 and a part of intron 
4. The amplicons exhibited polymorphism upon SSCP analysis, with four different patterns being 
observed (Figure 2.4).  
Four nucleotide sequences were confirmed for the KRT83 exon 3 - 4 region in the 300 NZ Romney, 
Merino and White Dorper sheep and these were designated A-D (Figure 2.4). Variant A had 100% 
homology with the ovine genome assembly v4.0 sequence over coordinates 133721248-133721618. 
There were five SNPs identified in the four variants (c.655-64delT, c.655-22C/T, c.666C/T, c.672C/T 
and c.750+45C/T; Figure 2-.4), with two SNPs located in intron 3, two SNPs in exon 4 and one SNP in 
intron 4.  
The frequencies of variants A-D were 80.83%, 10.83%, 5.17% and 3.17% respectively. Variant D was 
more common (at a frequency of 8.5%) in the NZ Romney sheep than in the Merino (at a frequency 
of 1%) and White Dorper sheep (at a frequency of 0%). Seven genotypes were observed with 
frequencies of 67.79%, 13.42%, 7.38%, 3.69%, 1.01%, 1.01% and 5.70% for AA, AB, AC, BB, BC, CC and 
AD, respectively. 
This region with an open reading frame of 158 nucleotides, putatively encoded a polypeptide 
fragment of 52 amino acids. The sequence was similar to bovine (NM_001083385.1) KRT83 
sequences (Figure 2.5). The ovine KRT83 exon 3 - 4 putative polypeptide fragment, contained a high 
level of glutamic acid (19.2 mol%), alanine (13.5 mol%), leucine (11.5 mol%), arginine (7.7 mol%) 
aspartate (7.7 mol%) and valine (7.7 mol%), and these would be the predominant amino acids, 
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making up 67.3 mol% of the total amino acid content. Cysteine, glutamine and threonine are rare, 
and would account for 1.9 mol% each in the putative polypeptide fragment. The calculated pI of the 
polypeptide fragment was 4.36, and two serine residues were predicted to be phosphorylated 
(Figure 2.5). 
 
Figure 2.4      Variation identified on ovine KRT83 exon 3 - 4. The region of KRT83 exon 3 - 4 
encompassing exon 3, intron 3, exon 4 and a part of intron 4. Four unique PCR-SSCP 
banding patterns representing four variants (A-D) in both homozygous and heterozygous 
genotypes are shown. Only the nucleotide sequences that differ between variants are 
shown. Nucleotide positions refer to GenBank accession no. NC_019460 following 
nomenclature described at www.hgvs.org/mutnomen/. 
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Figure 2.5     Alignment of the predicted amino acid sequences of the KRT83 exon 3 - 4 regions. This 
region contains all of KRT83 exon 3, intron 3, and exon 4. Amino acids identical to the 
top sequences are represented by dashes. Potentially phosphorylated residues are 
shaded. The sheep sequences (GenBank NM_001199069) are indicated with “s”, while 
the sequences of human (NM_02282.3), mouse (NM_001201323.1) and cattle 
(NM_001083385.1) are indicated with “h”, “m” and “c”, respectively. 
2.3.2 Variation in ovine KRT85 
Identification of parts of the ovine KRT85 promoter 
A 369 bp KRT85 promoter 1 region and a 405 bp promoter 2 region were investigated. These two 
regions share 42 nucleotides. No sequence variation was found in the portion of promoter 1 
amplified, so further analysis was not undertaken (Figure 2.6).  
In the promoter 2 region the expected size (405 bp) amplicon was obtained from all sheep blood 
samples. The amplicons exhibited polymorphism upon SSCP analysis with three unique SSCP patterns 
being observed (Figure 2.7).  
Sequencing of PCR amplicons representative of different SSCP patterns revealed three different DNA 
sequences, and these were designated A, B and C (Figure 2.7). The sequences obtained had high 
levels of homology with the ovine genome assembly v4.1 sequence at coordinates 133673081-
133673485. A total of six SNPs were identified from the three variants (g.108T/G, g.270C/A, 
g.352C/T, g.373C/T, g.376C/T and g.378C/T; Figure 2.8) of the promoter 2 region. 
Among the different breeds of sheep that were investigated, the overall frequencies of variants A, B 
and C were 45.96%, 52.02% and 2.02%, respectively. However, B was more common in White Dorper 
sheep (72.41%), than in Merino sheep (47.5%) and NZ Romney sheep (38.33%), and C was less 
common in all three breeds of sheep. Genotypes AA, AB and BB were common, with frequencies of 
22.22%, 45.45% and 28.28% respectively, and the rare genotypes AC and BC, occurred at a frequency 
of  2.02% each. 
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Figure 2.6     Location of the putative KRT85 promoter 1 region (boxed) on sheep chromosome 3. 
The KRT85 promoter 1, promoter 2 and exon 3 - 4 coordinate is referring to ovine 
genome assembly v4.1, 133673444-133673812, 133673081-133673485 and 133676659-
133677005. Only one variant was observed in the promoter 1 region. Arrows represent 
the direction of transcription.  
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Figure 2.7     Location of the putative KRT85 promoter 2 region (boxed) on sheep chromosome 3. 
The KRT85 promoter 1, promoter 2 and exon 3 - 4 coordinate is referring to ovine 
genome assembly v4.1, 133673444-133673812, 133673081-133673485 and 133676659-
133677005. Three unique PCR-SSCP banding patterns were observed in the promoter 2 
region, representing three variants (A-C)  both homozygous and heterozygous genotypes 
are shown. Arrows represent the direction of transcription. 
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Figure 2.8     Alignment of the ovine KRT85 promoter 2 region. A total of six SNPs were identified 
from the three variants (g.108T/G, g.270C/A, g.352C/T, g.373C/T, g.376C/T and 
g.378C/T) in the promoter 2 region. Sequences identical to the top sequences are 
represented by dashes. The numbering of nucleotides follows the HGVS nomenclature 
(den Dunnen & Antonarakis, 2000). 
Identification of the ovine KRT85 exon 3 - 4 region 
An amplicon with the predicted size (347 bp) was amplified using the PCR primers for KRT85 exon 3 - 
4, from all sheep blood samples. The amplicon contains a portion of intron 2, exon 3, intron 3, and 
exon 4. The two different banding patterns observed for the amplicons were named a and b (Figure 
2.9). One or a combination of two banding patterns was observed for each individual sheep, which is 
consistent with them being homozygous or heterozygous in this region. 
The frequency of variants a and b were 55.62% and 44.38% respectively, and variant a was more 
common in Merino (56.76%) and NZ Romney (73.33%) sheep, than in the White Dorper sheep 
(29.55%) investigated. Three genotypes were observed with frequencies of 32.58%, 46.07% and 
21.35% for aa, ab and bb respectively. 
Two SNPs were identified in the KRT85 exon 3 - 4 region (c.600G/A and c.652+93C/A) (Figure 2.9), 
with one SNP located in exon 3 and one SNP in intron 3. Of these substitutions, the SNP located in 
exon 3 was synonymous and would not result in an amino acid change. 
The KRT85 exon 3 - 4 sequence would encode a putative 51 amino acid polypeptide fragment that 
contained a high level of glutamic acid (19.2 mol%) and leucine (13.5 mol%), a moderate amount of 
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alanine (11.5 mol%) and valine (11.5 mol%), these four amino acids accounting for 55.7 mol% in 
total. The calculated pI of the protein was 4.36 and one serine residue and one threonine residue 
were predicted to be phosphorylated (Figure 2.10). The putative polypeptide fragment sequence 
shows 100% similarity with both ovine (EU216428.1, AAB21543.1), goat (XP_005679994.2) and 
bovine (XP_019815583.1, NP_001069381.1) KRT85 (Figure 2.10). 
 
Figure 2.9     Variation identified in the ovine KRT85 exon 3 - 4 region. Two PCR-SSCP patterns, 
corresponding to two variant sequences (a and b) were identified in the exon 3 - 4 
region, and both homozygous and heterozygous genotypes were found. Only the 
nucleotides that differ between the two variants are shown, and nucleotide positions 
refer to GenBank accession no. EU216428.1 following the nomenclature described at 
www.hgvs.org/mutnomen/.  
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Figure 2.10   Alignment of the predicted amino acid sequences of the KRT85 exon 3 - 4 regions. This 
region contains all of KRT83 exon 3 and exon 4. Amino acids identical to the top 
sequence are represented by dashes. Potentially phosphorylated residues are shaded. 
The sheep sequences (GenBank EU216428.1) are indicated with “s”, while the 
sequences of human (NG_008353.1), mouse (NM_016879.2) and cattle 
(XP_019815583.1) are indicated with “h”, “m” and “c”, respectively. 
2.3.3 Variation in ovine KRT31 
Identification of the ovine KRT31 promoter region 
In proximity to the ovine KRT31 region, four other ovine KRT genes were identified and these were 
KRT32, KRT33B, KRT34 and KRT38 (Figure 2.11).  
PCR amplicons of the expected size of 457 bp were obtained from all sheep blood samples typed 
using the KRT31 promoter primers. These amplicons exhibited three unique banding patterns upon 
SSCP analysis (Figure 2.11). Either one or a combination of two different SSCP patterns were 
observed for each sheep (Figure 2.11).  
The sequencing of the PCR amplicons representative of these different SSCP patterns revealed three 
different nucleotide sequences named A, B and C, and these sequences were at least 99% 
homologous to the ovine genome v4.1 construct at coordinates 41053583 - 41054040. There were 
two nucleotide substitutions identified in the KRT31 promoter region (g.58C/G and g.75A/G) (Figure 
2.12).  
The most common variant was A with a frequency of 64.16%, and variant B and C were less common 
with frequencies of 14.86% and 20.98% respectively. Six genotypes were observed and the 
frequencies were 43.71%, 15.38%, 25.52%, 3.15%, 8.04% and 4.20% for AA, AB, AC, BB, BC and CC, 
respectively.  
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Figure 2.11   Location of the KRT31 promoter region (boxed) with other KRTs on sheep 
chromosome 11. The KRT31 promoter, exon 1, exon 3 and exon 7 coordinates are 
referring to ovine genome assembly v4.1, 41054039-41053583, 41053412-41052719, 
41052208-41051938 and 41049866-41049576. Three unique PCR-SSCP banding patterns 
representing three allelic variants (A-C) in both homozygous and heterozygous 
genotypes are shown. The numbering of the nucleotides follow the HGVS nomenclature 
(den Dunnen & Antonarakis, 2000). Arrows represent the direction of transcriptions. 
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Figure 2.12   Alignment of the ovine KRT31 promoter region. Two SNPs identified from the three 
variants (g.58C/G, g.75A/G) in the promoter region. Sequences identical to the top 
sequences are represented by dashes. The numbering of nucleotides follows the HGVS 
nomenclature (den Dunnen & Antonarakis, 2000). 
Identification of the ovine KRT31 exon 1 region 
A PCR amplicon with the size of 422 bp (predicted amplicon size was 694 bp) was produced using the 
KRT31 exon 1 primers with all sheep blood samples. Two SSCP banding patterns were observed and 
these were named A’ and B’ (Figure 2.13). Sequencing of the amplicons revealed sequences that 
were at least 99% homologous to the ovine genome at chromosome 11: 41052719-41053137. 
Moreover, KRT31 shares high homology with ovine KRT33 (NM_001199067.1). 
Among the three sheep breeds investigated, the frequencies of A’ and B’ were 74.15% and 25.85%, 
while the frequencies of the genotypes were 60.20%, 27.89% and 11.91% for A’A’, A’B’ and B’B’, 
respectively. 
There were two SNPs identified in this region (Figure 2.13). These substitutions were a synonymous 
SNP c.55A/C and an intronic SNP c.348+31A/G. 
The KRT31 exon 1 sequence would putatively encode a 96 amino acid polypeptide fragment, and the 
nucleotide sequences share high similarity to ovine KRT31 (NM_001009445), bovine KRT31 
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(NM_001099099) and ovine KRT33a (NM_001199067.1). The putative polypeptide fragment contains 
a high level of glutamic acid (12.5 mol%) and leucine (9.4 mol%), and a moderate amount of 
glutamine and serine (8.3 mol% each). The pl of the polypeptide fragment was 4.79, and five serine 
residues, one threonine residue and one tyrosine residue were predicted to be phosphorylated 
(Figure 2.14). 
 
Figure 2.13  Variation identified in ovine KRT31 exon 1. Two PCR-SSCP patterns corresponding to 
variant sequences (A’ and B’) were identified in the exon 1 region. Both homozygous and 
heterozygous genotypes are shown. Only the nucleotide sequences that differ between 
variants are shown. Nucleotide positions refer to GenBank accession no. 
NM_001009445 following the nomenclature described in www.hgvs.org/mutnomen/. 
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Figure 2.14   Alignment of the predicted amino acid sequences of KRT31 exon 1, exon 3 and exon 7 
regions, and KRT33A. The putative polypeptide fragment sequences represent the 
entirety of exon 1, exon 3 and exon 7. Amino acids identical to the top sequences are 
represented by dashes, and dots have been introduced to improve the alignment. 
Potentially phosphorylated residues are shaded. The sheep sequences (GenBank 
NM_001009445) are indicated with an “s”, while the sequences of human 
(NG_012288.1), mouse (NM_010659.2) and cattle (NM_001099099) are indicated with 
“h”, “m” and “c”, respectively. 
Identification of the ovine KRT31 exon 3 region 
A PCR amplicon of the expected size of 271 bp was amplified using the primers for KRT31 exon 3, and 
amplification was achieved with all the sheep blood samples. These amplicons revealed different 
patterns upon SSCP analysis. Two unique patterns were identified and these were named a and b 
(Figure 2.15). Either one or a combination of two different SSCP patterns was observed for each 
amplicon (Figure 2.15).  
Variant a was found most frequently (87.81%), while variant b was less common (12.19%) in the 
sheep investigated. However, in the NZ Romney sheep studied, only variant a was found. Three 
genotypes were observed with frequencies of 82.69%, 10.25% and 7.06% for aa, ab and bb, 
respectively. 
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Sequence analysis of the exon 3 region revealed two SNPs (c.522C/T and c.588+14C/T, Figure 2.15). 
The nucleotide substitution in the exon 3 coding region was synonymous and the nucleotide 
substitution in intron 3 would not result in an amino acid change.  
The KRT31 exon 3 sequences encoded a putative polypeptide fragment of 51 amino acids. This 
fragment sequence was similar to ovine (NM_001009445) and bovine (NM_001099099) KRT31 
(Figure 2.14). It contains a high level of leucine (21.6 mol%) and glutamic acid (17.6 mol%), and a 
moderate amount of serine (7.8 mol%). The pl of the protein was 4.51 and four serine residues were 
predicted to be phosphorylated (Figure 2.14). 
 
Figure 2.15  Variation identified in the exon 3 region of ovine KRT31. Two unique PCR-SSCP banding 
patterns representing two sequence variants (a and b) were found in both homozygous 
and heterozygous genotypes. Only the nucleotide sequences that differ between 
variants are presented. Nucleotide positions refer to GenBank accession no. 
NM_001009445 following the nomenclature system described at 
www.hgvs.org/mutnomen/.  
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Identification of the ovine KRT31 exon 7 region 
PCR amplification using the KRT31 exon 7 primers generated a PCR amplicon of the predicted size 
(311 bp)from all the sheep blood samples. These amplicons exhibited two unique banding patterns 
upon SSCP analysis, and these were designated a’ and b’ (Figure 2.16). Either one, or a combination 
of two different patterns, was observed (Figure 2.16). 
Variant a’ was found most frequently (81.58%), while variant b’ was less common (18.42%) in the 
sheep investigated. In the different breeds, it was notable that variant b’ was present at an extremely 
low frequency in Merino (2%) and NZ Romney sheep (0%). Three genotypes were observed with 
frequencies of 69.86%, 23.44% and 6.70% for a’a’, a’b’ and b’b’, respectively. The genotype 
distributions for KRT31 exon 7 region displayed deviation from Hardy-Weinberg equilibrium in the NZ 
Romney sheep (P < 0.01) but were in equilibrium in the Merino and White Dorper sheep (P > 0.05). 
Sequence analysis of the exon 7 region sequences revealed a single nucleotide polymorphism 
c.*20G/A (Figure 2.16), with the nucleotide substitution occurring in 3’ untranslated region.  
The KRT31 exon 7 sequences encoded a putative polypeptide fragment of 47 amino acids. This 
nucleotide sequences was similar to ovine (NM_001009445) and bovine (NM_001099099) KRT31 
(Figure 2.14). The putative polypeptide fragment had a pI value of 8.69 and it would contain a high 
level of cysteine and proline. These accounted for 19.1 mol% each. There would also be a moderate 
content of alanine and threonine (accounting for 10.6 mol% each), while there would be a low 
content of leucine, lysine and tyrosine (which only occurred once in the putative polypeptide 
fragment). Approximately eight serine threonine resides were predicted to be phosphorylated 
(Figure 2.14). 
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Figure 2.16   Variation identified in the ovine KRT31 exon 7 region. Two unique PCR-SSCP banding 
patterns representing two sequence variants (a’ and b’) in both homozygous and 
heterozygous genotypes are shown. Only the nucleotides that differ between the 
variants are shown. Nucleotide positions refer to GenBank accession no. 
NM_001009445 with naming following the nomenclature described at 
www.hgvs.org/mutnomen/. 
2.3.4 Variation in parts of the ovine KRT34 promoter 
A 404 bp KRT34 promoter region (promoter 1), a 351 bp promoter region (promoter 2) and a 443 bp 
promoter region (promoter 3) were investigated. The promoter 1 and 2 regions overlap by 40 
nucleotides, and promoter 2 overlaps by 41 nucleotides with the promoter 3 region. In the promoter 
1 region, amplicons of the expected size (404 bp) were obtained from all the sheep blood samples. 
The amplicons exhibited polymorphism upon SSCP analysis, with two unique SSCP patterns being 
observed (Figure 2.17).  
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Sequencing of PCR amplicons representative of the different SSCP patterns revealed two different 
DNA sequences and these were designated A and B (Figure 2.17). The nucleotide sequences were 
highly homologous to a region in the ovine genome assembly v4.1 sequence, at coordinates 
41033756-41033354. A total of three SNPs were identified in the three promoter 1 variants 
(g.195C/T, g.236A/G and g.306C/T; Figure 2.18). 
Among the different breeds of sheep that were investigated, the overall frequencies of variants A 
and B were 37.88% and 62.12%. However, variant B was the most common variant in White Dorper 
sheep (94.83%), when compared to the Merino (50%) and NZ Romney (46.67%) sheep. The 
frequencies of genotypes AA, AB and BB were 18.18%, 39.39% and 42.43% respectively. The 
genotype distributions for this region were in equilibrium in all the breeds (P > 0.05). 
With the promoter 2 region, several primer sets were designed to amplify this region, but none of 
these primers worked. 
With the promoter 3 region, the primers designed appear to bind non-specifically, so this regions was 
not further investigated. 
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Figure 2.17   Location of the putative KRT34 promoter 1 region (boxed) with other KRTs on sheep 
chromosome 11. The KRT34 promoter 1, promoter 2 and promoter 3 coordinates are 
referring to ovine genome assembly v4.1, 41033756-41033353, 41034067-41033717 
and 41034469-41034027. Two unique PCR-SSCP banding patterns observed in the 
promoter 1 region, representing two sequence variants (A and B) were found in 
homozygous and heterozygous genotypes (as shown). Arrows represent the direction of 
transcription. 
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Figure 2.18   Alignment of the ovine KRT34 promoter 1 region variant sequences. Three SNPs 
(g.195C/T, g.236A/G and g.306C/T) were identified in the KRT34 promoter region. 
Sequences identical to the top sequences are represented by dashes. The numbering of 
nucleotides follow the HGVS nomenclature (den Dunnen & Antonarakis, 2000). 
2.4 Discussion 
2.4.1 Variation in ovine KRT83 
This study describes newly identified sequence variation in KRT83 in sheep, although polymorphism 
in this gene has been reported previously Itenge (2007) (McLaren et al., 1997). The reported 
polymorphism in KRT83 (then called KRT2.10) was identified using PCR-RFLP and there were two 
variants found by McLaren et al (1997) while Itenge (2007) detected only one KRT83 sequence when 
amplify the gene using the PCR primers which described by Rogers (1994). 
The identification of two sequence variants for an exon 2 fragment of KRT83 and four sequence 
variants of an exon 3 - 4 fragment of KRT83 in 300 NZ Romney, Merino and White Dorper sheep, 
from 26 farms, suggests that the gene is polymorphic, and thus as more sheep from more sire-lines 
and breeds are investigated, it could be expected that more variants may be found. What-is-more, 
there was a marked difference in the KRT83 exon 3 - 4 variant frequencies between the strong and 
fine wool breeds studied. As an example, the D variant was present in NZ Romney sheep, but not 
found in Merino sheep studied. This may reflect the different selection criteria imposed on the 
breeds, with the wool of NZ Romney sheep (MFD in the 32-40 micron range) mainly used for carpets; 
while MFD for Merino sheep is in the range 10 – 26 microns (depending the strain of Merino), and 
thus it can be used for apparel. 
Two exon 2 region sequences were differentiated by one SNP (c.382-21G/A), but the SNP was 
located in a non-coding region (the portion of intron 1 that was amplified). Additionally, the SNPs 
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identified in the KRT83 exon 3 - 4 region were located in exon 4 and non-coding intron 3 and intron 4 
regions. This could suggest that there is no functional difference in the variant forms of the gene. 
However, variation in introns can influence gene expression in many ways, including changing the 
activity of enhancer elements found within the intron, affecting primary transcript production by 
changing both transcription initiation and RNA polymerase II processivity (Fong & Zhou, 2001; Furger, 
O'Sullivan, Binnie, Lee, & Proudfoot, 2002; Kwek et al., 2002), by influencing primary transcript 
splicing (Furger et al., 2002) including causing alternate splicing, changing RNA secondary structures 
and thus stability, and also by disturbing mRNA export (Nott, Meislin, & Moore, 2003). It might 
therefore be safer to conclude that the KRT83 variation could be of functional consequence, until 
proven otherwise. 
2.4.2 Variation in ovine KRT85 
This is the first study describing KRT85 in sheep. Only one sequence was detected for the promoter 1 
amplicon and three variants were detected in the promoter 2 region. These were defined by six SNPs 
(g.108T/G, g.270C/A, g.352C/T, g.373C/T, g.376C/T and g.378C/T). Since the substitutions are located 
in the promoter region, they do not affect the polypeptide sequence, but variation in promoters can 
affect the initiation of transcription by controlling the release of ‘initiated’ polymerases that are 
stalled in proximal positions (Krumm, Hickey, & Groudine, 1995), by controlling housekeeping genes 
with CpG island promoters (Saxonov, Berg, & Brutlag, 2006), by recognising transcription start site in 
non-CpG island promoters (Carninci et al., 2006; Kawaji et al., 2006), or by in some other way 
affecting the TATA box and initiator sequences (Ponjavic et al., 2006). 
Two exon 3 - 4 variant sequences were defined by two SNPs (c.600G/A and c.652+93C/A). One of 
these SNPs is located in exon 3 and is synonymous and the other was located in a non-coding region 
(the intron 3 region that was amplified). Synonymous nucleotide substitutions can cause inactivation 
of the native splicing donor site, which results in a premature stop codon (Tran et al., 2005) or exon 
skipping, yielding a shorter mRNA (Kimchi-Sarfaty et al., 2007), but the mechanism was not clear. It 
might therefore be safer to conclude that the KRT85 exon 3 - 4 variation could be of functional 
consequence, until proven otherwise. 
As described above for KRT83, variation in introns can influence gene expression in many ways, 
including changing the activity of enhancer elements found within the intron, affecting primary 
transcript production by changing both transcription initiation and RNA polymerase II processivity 
(Fong & Zhou, 2001; Furger, O'Sullivan, Binnie, Lee, & Proudfoot, 2002; Kwek et al., 2002), by 
influencing primary transcript splicing (Furger et al., 2002) including causing alternate splicing, 
changing RNA secondary structures and thus stability, and also by disturbing mRNA export (Nott, 
Meislin, & Moore, 2003). 
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There were notable differences between the wool breeds (NZ Romney and Merino) and the meat 
breeds (White Dorper), in the frequencies of the KRT85 promoter 2 and exon 3 - 4 variants. This 
might suggest that during the development of sheep breeds, selection pressure has been applied to 
the gene leading to these frequency differences. While this may or may not be a consequence of 
selection for wool traits, it does suggest that further investigation of this genetic variation may be 
worthwhile. 
2.4.3 Variation in ovine KRT31 
Ovine KRT31 was identified on chromosome 11. Four regions of the gene were investigated: the 
promoter, exon 1, exon 3 and exon 7. The gene was clustered with KRT33A and KRT33B, and shared 
homology to these genes. 
There was a moderate level of polymorphism detected in the KRT31 promoter region and two 
variants were detected in fragments amplified from each of the exon 1, exon 3 and exon 7 regions. 
The three KRT31 promoter sequences identified were defined by two SNPs (g.58C/G, and g.75A/G), 
and as described above for KRT85, these might affect the initiation of transcription.  
The two variants described in the exon 1 region were defined by two SNPs (c.55A/C, c.348+31A/G), 
but both these SNPs were in non-coding intron sequences. Although the variation identified here is 
located in introns, it may be linked to other variations in critically important regions of the gene that 
regulate expression. And it could affect transcription and translation in a variety of ways as described 
above. 
The exon 1 region amplified had high sequence similarity to part of the KRT33A (formerly KRT1.2) 
coding region. Itenge-Mweza et al (2007) identified six sequences variants in a region of KRT33A 
(KRT1.2) and the majority of the polymorphisms in the coding sequence were silent. In this study 
there was synonymous changes in the exon 1 coding sequence of KRT31. Although the sequences of 
KRT31 and KRT33A are comparable, the nature of variation appears to be different for these two 
genes. KRT33A which had nine SNPs detected is more polymorphism than KRT31 exon 1 region, and 
one SNPs on KRT33A resulted in amino acid change (Itenge-Mweza et al., 2007). This may suggests 
that the polymorphism observed at these two loci may be derived from different mechanisms. 
The SNPs identified in the KRT31 exon 3 region (c.522C/T and c.588+14C/T), which are located in the 
coding region were synonymous. Synonymous SNPs or mutations can cause inactivation of the native 
splicing donor site, which can results in creation of a premature stop codon (Tran et al., 2005) or 
exon skipping, or the yielding of a shorter mRNA(Kimchi-Sarfaty et al., 2007). It might therefore be 
safer to conclude that the KRT31 exon 3 variation could be of functional consequence, until proven 
otherwise. 
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It is notable that of the three sheep breeds investigated for the exon 7 region, only NZ Romney sheep 
failed to meet the requirement of being in Hardy-Weinberg equilibrium. This may be a consequence 
of strong artificial selection, as the 100 NZ Romneys studied were from 10 farms, selected for study 
based on their performance in the Sheep Improvement Limited (SIL—a Division of Meat and Wool 
NZ, Wellington, NZ)-Dual Purpose Overall (DPO) index. This index is based on measuring genetic 
merit for a variety of traits of value and has widespread use in the NZ sheep breeding industry. 
2.4.4 Variation in ovine KRT34 
Two variants were detected at the promoter 1 region. An interest phenomenon was observed on 
White Dorper sheep, in which variant A only existed in a heterozygote form and thus AA sheep were 
not found. Although no obvious patterns in variant frequency were observed with respect to the 
recognised wool breed (Merino), meat breed (White Dorper) or dual-purpose breed (NZ Romney), 
the distribution of individual variants seems to be related to generalised production traits in some 
breeds. This may reflect that different selection criteria imposed on the breeds, with the Merino and 
NZ Romney sheep being wool breed, while White Dorper sheep was exclusively a meat breed. It 
could therefore be concluded that the variation observed in the KRT34 promoter 1 region, was 
related to wool traits in some way. Further study will be needed to confirm this possibility.  
Two promoter 1 region sequences, defined by three SNPs (g.195C/T, g.236A/G, g.306C/T) were 
identified, and while the substitutions may not underpin any functional change in the gene, they 
could affect transcription regulation in various ways (Razin, Gavrilov, & Ulyanov, 2015). Keratin 
promoter regions have proven invaluable for targeting transgene expression to specific 
compartments within epithelia (Liu, Lyle, & Cotsarelis, 2003). For example, the promoter region of 
K15 was found to be a target hair follicle bulge cells with specificity in the adult, the K5 and K14 
promoters drive expression of transgenes to the relatively undifferentiated basal cell layer of the 
epidermis and hair follicle (Liu et al., 2003). It might therefore be wise to conclude that KRT34 
promoter variation might affect gene expression, until proven otherwise. 
 67 
Chapter 3 
Associations Between Variation in Five KRT Gene Regions and 
Selected Wool Traits 
3.1 Introduction 
The results described in Chapter 2 suggest that the KRT gene regions investigated were moderately 
polymorphic, and this makes them useful targets for further study. 
Several studies have revealed that loci on chromosome 3 are associated with variation in selected 
wool traits, including the brightness of wool (McKenzie, 2001), staple length (Ponz et al., 2001), MFD 
(Bidinost et al., 2008), CVFD (Allain et al., 1998; Allain et al., 2013) and GFW (Allain et al., 2006). 
Genes and regions on chromosome 11 have been reported to be associated with MSS, CVFD, GFW 
and CFW (Rogers et al., 1994; Roldan et al., 2010), while Itenge et al. (2010b) reported that 
KRTAP1.1, KRTAP1.3 and KRT33 were potential gene-markers that were associated with wool MSL, 
MSS and YIELD in Merino and Merino-cross sheep. Itenge, Hickford, Forrest, McKenzie, and Frampton 
(2010a) reported that variants of KRT33A (formerly KTR1.2) may affect MFD and MSS, while (Parsons 
et al., 1994) suggested that genes located within a region near to KRT1.2 could have an effect on 
wool strength. 
KRT83 and KRT85 are located on ovine chromosome 3, while KRT31 and KRT34 are located on ovine 
chromosome 11, suggesting these genes may be worthy of further investigation in the context of 
variation in these traits. 
In this study, PCR-SSCP was used to investigate sequence variation in the KRT83 exon 3 - 4 region, the 
KRT85 promoter 2 region and exon 3 - 4 region, the KRT31 promoter region and the KRT34 promoter 
1 region, and to ascertain if the variation identified in these regions was associated with variation in 
selected wool traits. 
3.2 Materials and methods 
3.2.1 Sheep blood and wool samples 
A total of 489 Merino × Southdown-cross lambs from seven sire-lines, and that had been shorn at 12 
months of age, were studied. These lambs were all managed on the same farm. A blood sample from 
each lamb was collected onto an filter paper card, and genomic DNA was purified using a two-step 
washing procedure as described in (Zhou et al., 2006). 
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At shearing GFW was measured, and wool samples were collected from the mid-side region for wool 
trait measurement at the New Zealand Wool Testing Authority Ltd (NZWTA, Napier, NZ) using IWTO 
standardised methods. This included measurement of wool YIELD, MSL, MSS, MFD, FDSD, CVFD, MFC 
and PF. Clean fleece weight was calculated from the GFW and YIELD. 
3.2.2 PCR-SSCP genotyping 
Based on the sequences obtained in Chapter 2 for the KRT83 exon 3 - 4 variants, a new forward PCR 
primer for the region (5’-AGGTAAGTGCGTGAGCCAAG-3’) was designed to amplify a smaller fragment 
that spanned the nucleotide variations identified with the first set of primers. This primer was used 
along with the original reverse primer, to type the KRT83 exon 3 - 4 region in the 489 Merino × 
Southdown-cross lambs. 
Based on the sequences obtained in Chapter 2 for the KRT31 promoter variants, a new forward PCR 
primer for the region (5’-GTTAGTCCATCCAATGACATTC-3’) was designed to amplify a smaller 
fragment that spanned the nucleotide variations identified with the first set of primers. This primer 
was used along with the original forward primer, to type the KRT31 promoter region in the 489 
Merino × Southdown-cross lambs. 
For typing the 489 Merino × Southdown-cross lambs for the KRT85 promoter 2 and exon 3 - 4 regions 
and for the KRT34 promoter 1 region, the targets were amplified using the primers described in 
Chapter 2. 
Amplification of each region was performed in 15-µL reactions including the genomic DNA on one 1.2 
mm punch of filter paper card paper, 10× reaction buffer with 0.5U of Taq DNA polymerase (Qiagen, 
Hilden, Germany), 250 nM of each primer, 150 µM of each dNTP (Eppendorf, Hamburg, Germany) 
and a final Mg2+ concentration of 2.5 mM. The cycling parameters for PCR amplification consisted of 
denaturation at 94°C for 2 min, followed by 35 cycles of 30 s each at 95 °C, the annealing 
temperatures described in chapter 2, and at 72 °C; with a final extension at 72 °C for 5 min. 
Amplification was undertaken in either iCyclers (Bio-Rad, Hercules, CA, USA) or S1000 thermal cyclers 
(Bio-Rad, Hercules, CA, USA). 
All SSCP analyses were carried out in 14% polyacrylamide gels at 200 V for 18 h in 0.5× TBE buffer, 
and at the temperatures described in Chapter 2. For each gene, amplicons of known ovine KRT83 
exon 3 - 4, KRT85 promoter 2 and exon 3 - 4, KRT31 promoter and KRT34 promoter 1 variants were 
included in each gel as reference standards, and based on the SSCP banding patterns, the variants 
present in individual samples were determined. All gels were silver-stained according to the method 
of Byun et al. (2009). 
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Amplicons displaying new SSCP patterns were sequenced directly at the Lincoln University DNA 
Sequencing Facility using an approach described in Gong, Zhou, Yu, et al. (2011). Briefly, the SSCP 
band corresponding to the variant not found in a homozygous form, was excised from the SSCP gel, 
macerated, and then used as a template for re-amplification. The product of the second amplification 
was then directly sequenced in triplicate. 
3.2.3 Statistical analyses 
For each wool trait, statistical analyses were performed using Minitab version 16. Unless otherwise 
indicated, all P-values were considered statistically significant when P < 0.05, and trends were noted 
when 0.05 ≤ P < 0.10. 
General Linear Mixed-effects Models (GLMMs) were used to evaluate the effect, if any, of the 
presence/absence of the gene variants, or genotypes, on various wool traits. In all the models, 
gender and birth rank were fitted as fixed factors, and sire was fitted as a random factor. 
The gene region variants were coded as either present (1) or absent (0) for each animal’s genotype. 
For each wool trait, single-variant presence/absence models were then run. Any gene variant that 
had an association in the single-variant models with a P-value of less than 0.2 (P < 0.2) and which 
could thus potentially impact on the trait, was factored into multi-variant models, such that a 
correction was made for the second variant in any given genotype. This statistical approach has been 
described previously by Forrest et al. (2009). 
In a third set of models, gene region genotypes present at a frequency of 5% or more (thereby 
ensuring adequate sample size), were tested to ascertain associations with the wool traits. Multiple 
pairwise comparisons between genotypes were performed using a Tukey test, with Bonferroni 
corrections to accommodate the repetitive testing. 
3.3 Results 
3.3.1 Variation in the KRT83 exon 3 - 4 region and its association with wool traits 
Variants and genotypes detected by PCR-SSCP 
For the ovine KRT83 exon 3 - 4 region, the four variants (A – D) detected in Chapter 2 were found in 
the 489 Merino × Southdown-cross lambs. An additional variant (designated E) was found in 16 of 
the lambs (Figure 3-1). Sequencing of E revealed an additional SNP (c.655-61G/A).  
The frequencies of the KRT83 exon 3 - 4 variants A to E were 64.6%, 15.4%, 6.6%, 10.1% and 3.3% 
respectively. Thirteen different genotypes were observed with the following genotypes having 
frequencies over 5%: AA (40.7%), AB (20.1%), AC (8.6%), and AD (14.5%). The remaining nine 
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genotypes observed were AE, BB, BC, BD, BE, CC, CD, DD, and DE; with CE and EE not being present in 
the 489 sheep studied. 
 
Figure 3.1      PCR-SSCP patterns of ovine KRT83 exon 3 - 4. Thirteen PCR-SSCP patterns 
corresponding to four previously identified variants (A - D), and one newly identified 
variant (E), are shown. 
In the single-variant GLMMs, the presence of A was associated with a decrease in MFD, FDSD, CVFD 
and PF (Table 3-1). This association persisted for FDSD and CVFD, but was lost for MFD and PF, in the 
multi-variant GLMMs (Table 3-1). 
No associations were detected with B in the GLMMs, but the presence of C was found to be 
associated with an increase in MFD, FDSD, MFC and PF, and a decrease in YIELD. These effects 
persisted in the multi-variant GLMMs, except for the association with FDSD, for which a trend (P = 
0.102) was observed (Table 3-1). 
The presence of D was associated with decreased YIELD, and an increase in MFD and PF, in both the 
single and multi-variant GLMMs (Table 3-1). A trend for an increase in GFW and FDSD associated with 
the presence of D was found with the single-variant GLMMs, but this was lost in the multi-variant 
GLMM (Table 3-1). 
The presence of E tended to be associated with a decrease in CVFD in the single-variant GLMM, and 
the association became significant in the multi-variant GLMM (Table 3-1). 
 
A/B A/C B/C A/D A/A A/A B/B C/C A/E 
Exon 3 - 4 
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Associations between in KRT83 exon 3 - 4 genotypes and variation in selected wool traits 
With the four common genotypes (frequencies greater than 5%), effects were detected for GFW and 
YIELD. Sheep with genotype AD had higher mean GFWs (AD: 2.49 ± 0.04 kg; AA: 2.35 ± 0.03 kg; P = 
0.040) and lower mean YIELDs (AD: 71.6 ± 0.67 %; AA: 73.7 ± 0.49 %; P = 0.031), than those of 
genotype AA. A trend for association between genotype and MFD was also detected (P = 0.089), with 
AC and AD sheep tending to have a higher mean MFD, compared to AA and AB sheep. 
Table 3.1      Associations between KRT83 exon 3 - 4 variants and variation in selected wool traits 
Trait Variant   Single-variant model Multi-variant model 
  Absent 
(n) 
Present 
(n) 
Absent 
(Mean ± SE1) 
Present 
(Mean ± SE) 
P Other 
variant 
fitted 
Absent 
(Mean ± SE) 
Present 
(Mean ± SE) 
P 
GFW A 60 429 2.29 ± 0.11 2.28 ± 0.09 0.883 D 2.25 ± 0.11 2.27 ± 0.09 0.744 
(kg) B 386 103 2.67 ± 0.09 2.32 ± 0.10 0.307 D 2.26 ± 0.09 2.31 ± 0.10 0.200 
 C 417 72 2.28 ± 0.09 2.29 ± 0.10 0.860 D 2.26 ± 0.09 2.30 ± 0.10 0.496 
 D 369 120 2.24 ± 0.10 2.31 ± 0.10 0.099     
 E 457 32 2.28 ± 0.09 2.26 ± 0.12 0.830 D 2.27 ± 0.09 2.26 ± 0.11 0.948 
CFW A 60 429 1.69 ± 0.09 1.73 ± 0.08 0.448     
(kg) B 386 103 1.71 ± 0.08 1.74 ± 0.08 0.508     
 C 417 72 1.73 ± 0.08 1.69 ± 0.09 0.477     
 D 369 120 1.72 ± 0.08 1.73 ± 0.08 0.770     
 E 457 32 1.72 ± 0.08 1.74 ± 0.09 0.798     
YIELD A 60 429 74.5 ± 1.55 76.0 ± 1.37 0.077 C,D 74.1 ± 1.33 74.6 ± 1.15 0.563 
(%) B 386 103 75.8 ± 1.37 75.6 ± 1.46 0.709 A,C,D 74.6 ± 1.19 73.9 ± 1.27 0.358 
 C 417 72 76.0 ± 1.36 74.4 ± 1.52 0.041 A,D 75.3 ± 1.18 73.4 ± 1.28 0.020 
 D 369 120 76.6 ± 1.39 74.9 ± 1.39 0.005 A,C 75.3 ± 1.20 73.4 ± 1.21 0.004 
 E 457 32 75.7 ± 1.37 77.0 ± 1.69 0.209 A,C,D 74.3 ± 1.17 75.3 ± 1.52 0.345 
MFD A 60 429 19.5 ± 0.46 18.9 ± 0.40 0.008 C,D 19.8 ± 0.40 19.5 ± 0.34 0.174 
(µm) B 386 103 19.0 ± 0.41 18.9 ± 0.43 0.708 A,C,D 19.7 ± 0.36 19.7 ± 0.38 0.996 
 C 417 72 18.8 ± 0.40 19.8 ± 0.45 <0.001 A,D 19.2 ± 0.35 20.1 ± 0.38 <0.001 
 D 369 120 18.8 ± 0.41 19.2 ± 0.41 0.024 A,C 19.4 ± 0.36 19.9 ± 0.36 0.019 
 E 457 32 19.0 ± 0.41 18.7 ± 0.50 0.396 A,C,D 19.7 ± 0.35 19.4 ± 0.45 0.340 
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FDSD A 60 429 4.33 ± 0.17 4.03 ± 0.15 0.001 C,D,E 4.31 ± 0.15 4.02 ± 0.14 0.004 
(µm) B 386 103 4.06 ± 0.15 4.11 ± 0.16 0.441 A,C,D,E 4.17 ± 0.14 4.16 ± 0.15 0.984 
 C 417 72 4.04 ± 0.15 4.26 ± 0.17 0.011 A,D,E 4.09 ± 0.14 4.24 ± 0.15 0.102 
 D 369 120 4.01 ± 0.15 4.13 ± 0.15 0.092 A,C,E 4.13 ± 0.14 4.21 ± 0.14 0.243 
 E 457 32 4.08 ± 0.15 3.90 ± 0.18 0.112 A,C,D 4.29 ± 0.13 4.04 ± 0.17 0.034 
CVFD A 60 429 22.2 ± 0.65 21.3 ± 0.58 0.014 B,E 21.9 ± 0.36 20.9 ± 0.27 0.010 
 B 386 103 21.3 ± 0.58 21.7 ± 0.62 0.182 A,E 21.4 ± 0.26 21.5 ± 0.33 0.789 
 C 417 72 21.4 ± 0.58 21.5 ± 0.65 0.796 A,B,E 21.5 ± 0.26 21.3 ± 0.40 0.557 
 D 369 120 21.4 ± 0.59 21.4 ± 0.59  0.823 A,B,E 21.5 ± 0.27 21.4 ± 0.32 0.732 
 E 457 32 21.5 ± 0.13 20.8 ± 0.43 0.087 A,B 21.9 ± 0.19 20.9 ± 0.44 0.035 
MSL A 60 429 80.9 ± 3.07 82.8 ± 2.71 0.265     
(mm) B 386 103 82.3 ± 2.72 83.3 ± 2.89 0.480     
 C 417 72 82.8 ± 2.71 80.9 ± 3.02 0.240     
 D 369 120 82.7 ± 2.77 82.3 ± 2.78 0.764     
 E 457 32 82.5 ± 2.71 83.2 ± 3.36 0.583     
MSS A 60 429 25.8 ± 2.20 24.4 ± 1.95 0.257 B,D,E 27.3 ± 2.01 25.1 ± 1.86 0.121 
(N/ktex) B 386 103 24.3 ± 1.95 25.5 ± 2.08 0.199 D,E 25.3 ± 1.77 26.5 ± 1.97 0.249 
 C 417 72 24.7 ± 1.95 24.1 ± 2.17 0.645 B,D,E 25.9 ± 1.81 25.7 ± 2.08 0.876 
 D 369 120 25.2 ± 1.98 23.9 ± 1.99 0.142 B,E 26.5 ± 1.83 25.2 ± 1.89 0.145 
 E 457 32 24.5 ± 1.94 26.4 ± 2.40 0.192 B,D 24.8 ± 1.66 26.9 ± 2.20 0.157 
PF A 60 429 3.08 ± 0.81 1.86 ± 0.71 0.007 C,D 3.45 ± 0.41 2.70 ± 0.27 0.110 
(%) B 386 103 2.00 ± 0.72 2.17 ± 0.77 0.621 A,C,D 3.01 ± 0.28 3.23 ± 0.38 0.556 
 C 417 72 1.89 ± 0.71 2.97 ± 0.80 0.010 A,D 2.52 ± 0.24 3.63 ± 0.41 0.010 
 D 369 120 1.67 ± 0.73 2.41 ± 0.73 0.024 A,C 2.70 ± 0.27 3.44 ± 0.35 0.030 
 E 457 32 2.06 ± 0.72 1.63 ± 0.89 0.443 A,C,D 3.11 ± 0.26 2.65 ± 0.58 0.412 
MFC A 60 429 91.8 ± 3.75 90.1 ± 3.32 0.418 C 97.3 ± 3.32 96.4 ± 2.85 0.679 
(o/mm) B 386 103 90.8 ± 3.33 88.8 ± 3.54 0.227 C 96.9 ± 2.84 95.4 ± 3.12 0.386 
 C 417 72 89.7 ± 3.30 94.6 ± 3.68 0.011     
 D 369 120 89.5 ± 3.39 91.2 ± 3.39 0.251 C 96.0 ± 2.86 97.9 ± 3.00 0.211 
 E 457 32 90.4 ± 3.31 89.0 ± 4.11 0.572 C 96.6 ± 2.82 96.4 ± 3.78 0.946 
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1 Estimated marginal means and standard errors (SE) of those means are derived from the GLMMs. P 
< 0.05 are in bold, and 0.05 ≤ P <0.20 are italicised. 
3.3.2 Variation in the KRT85 promoter 2 region and its association with wool traits 
Variants and genotypes detected by PCR-SSCP 
Under the PCR-SSCP conditions developed for the ovine KRT85 promoter 2 region, all the known 
variants (A - C) exhibited unique PCR-SSCP banding patterns, and the variants present could be 
determined in the 449 Merino × Southdown-cross lambs. 
The frequencies of the KRT85 promoter 2 variants detected in these sheep were: A: 56%, B: 29% and 
C: 15%. Six different genotypes were observed, with five genotypes having frequencies over 5%: AA 
(19%); AB (34%) and BB (33%). The remaining genotypes observed were AC and BC, with CC not being 
present in those sheep studied. 
Associations between KRT85 promoter 2 variants and variation in selected wool traits 
No associations were detected with A and C in the single-variant GLMMs, but the presence of A 
tended to be associated with an increase in YIELD (P = 0.057), and the presence of C tended to be 
associated with a decrease in MFD (P = 0.068). 
In the single-variant GLMMs, the presence of B was associated with an increase in FDSD and PF 
(Table 3-2). This association persisted for PF, but was lost for FDSD in the multi-variant GLMMs (Table 
3-2). 
Associations between in KRT85 promoter 2 genotypes and variation in selected wool traits 
With the three common genotypes (frequencies greater than 5%), no significant effects were 
detected. However there were trends detected for YIELD, FDSD, and PF. Sheep with genotype AA had 
a higher mean YIELD (AA: 76.23 ± 1.52 %; AB: 76.24 ± 1.40 %; BB: 75.08 ± 1.43 %; P = 0.198), lower 
mean FDSD (AA: 3.96 ± 0.17 µm; AB: 4.13 ± 0.16 µm; BB: 4.06 ± 0.16 µm; P = 0.162) and mean PF 
(AA: 1.39 ± 0.83 %; AB: 2.26 ± 0.77 %; BB: 2.09 ± 0.78 %; P = 0.111), than those of genotypes AB and 
BB. 
Table 3.2      Associations between KRT85 promoter 2 variants and variation in selected wool traits 
Trait Variant 
  
Single-variant model Multi-variant model 
 
 
Absent 
(n) 
Present 
(n) 
Absent 
(Mean ± SE1) 
Present 
(Mean ± SE) 
P Other 
variant 
fitted 
Absent 
(Mean ± SE) 
Present 
(Mean ± SE) 
P 
GFW A 189 260 2.28 ± 0.10 2.29 ± 0.10 0.886 
    
 74 
(kg) B 104 345 2.23 ± 0.10 2.29 ± 0.09 0.212 
    
 
C 420 29 2.28 ± 0.09 2.26 ± 0.12 0.799 
    
CFW A 189 260 1.70 ± 0.08 1.74 ± 0.08 0.303 
    
(kg) B 104 345 1.70 ± 0.08 1.73 ± 0.08 0.415 
    
 
C 420 29 1.72 ± 0.08 1.74 ± 0.10 0.834 
    
YIELD A 189 260 75.13 ± 1.40 76.30 ± 1.37 0.057 
    
(%) B 104 345 76.47 ± 1.49 75.77 ± 1.35 0.303 A 74.37 ± 0.93 74.23 ± 0.81 0.811 
 
C 420 29 75.77 ± 1.35 77.12 ± 1.70 0.215 A 74.19 ± 0.80 75.05 ± 1.12 0.317 
MFD A 189 260 18.94 ± 0.43 18.96 ± 0.42 0.919 C 19.03 ± 0.29 19.02 ± 0.28 0.981 
(µm) B 104 345 18.72 ± 0.46 18.98 ± 0.41 0.225 C 18.95 ± 0.29 19.07 ± 0.28 0.484 
 
C 420 29 18.98 ± 0.41 18.37 ± 0.52 0.068     
FDSD A 189 260 4.07 ± 0.16 4.08 ± 0.15 0.875 BC 4.11 ± 0.11 4.14 ± 0.11 0.679 
(µm) B 104 345 3.93 ± 0.17 4.09 ± 0.15 0.039 C 4.07 ± 0.11 4.18 ± 0.11 0.076 
 
C 420 29 4.09 ± 0.15 3.89 ± 0.19 0.111 B 4.13 ± 0.10 4.12 ± 0.13 0.968 
CVFD A 189 260 21.44 ± 0.61 21.47 ± 0.60 0.902 B 21.55 ± 0.42 21.68 ± 0.38 0.598 
 
B 104 345 21.01 ± 0.64 21.50 ± 0.58 0.096 
    
 
C 420 29 21.47 ± 0.59 21.16 ± 0.74 0.512 B 21.64 ± 0.38 21.70 ± 0.52 0.887 
MSL A 189 260 82.17 ± 2.79 82.94 ± 2.74 0.530 
    
(mm) B 104 345 81.69 ± 2.96 82.73 ± 2.69 0.442 
    
 
C 420 29 82.50 ± 2.69 85.28 ± 3.39 0.201 
    
MSS A 189 260 24.99 ± 2.03 24.02 ± 1.99 0.280 
    
(N/ktex) B 104 345 24.50 ± 2.16 24.40 ± 1.97 0.918 
    
 
C 420 29 24.39 ± 1.97 24.73 ± 2.47 0.830 
    
PF A 189 260 2.10 ± 0.77 2.04 ± 0.75 0.865 BC 1.49±0.70 1.68±0.68 0.597 
(%) B 104 345 1.30 ± 0.81 2.14 ± 0.73 0.023 C 1.22 ± 0.71 1.99 ± 0.67 0.036 
 C 420 29 2.11 ± 0.74 1.25 ± 0.93 0.148 B 1.96 ± 0.62 1.26 ± 0.83 0.242 
MFC A 189 260 90.31 ± 3.43 90.36 ± 3.36 0.975 
    
(o/mm) B 104 345 90.63 ± 3.64 90.31 ± 3.31 0.848 
    
 
C 420 29 90.48 ± 3.31 87.71 ± 4.16 0.299 
    
1Estimated marginal means and standard errors (SE) derived from the GLMMs. P < 0.05 are in bold, 
whereas 0.05 ≤ P <0.20 are italicised. 
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3.3.3 Variation in the KRT85 exon 3 - 4 region and its association with wool traits 
Variants and genotypes detected by PCR-SSCP 
Under the PCR-SSCP conditions developed for the KRT85 exon 3 - 4 region, both variants (a and b) 
exhibited unique PCR-SSCP banding patterns, and the genotypes could be determined in 463 of the 
Merino × Southdown-cross lambs. 
The frequencies of the KRT85 exon 3 - 4 variants detected in these sheep were 48.7% and 51.3% for a 
and b respectively. Three different genotypes were observed with frequencies of 22.68%, 52.05% 
and 25.27% for aa, ab and bb respectively. 
Associations between KRT85 exon 3 - 4 variants and variation in selected wool traits 
In the single-variant GLMMs, the presence of a tended to be associated with an increase in GFW and 
CFW, and this association became significant in the multi-variant GLMM (Table 3-3). The presence of 
b was associated with an increased PF, and this effect persisted in the multi-variant GLMMs (Table 3-
3). 
Associations between in KRT85 exon 3 - 4 genotypes and variation in selected wool traits 
With the three common genotypes (frequencies greater than 5%), no significant effects were 
detected. However there were trends detected for GFW, CFW CVFD, MSL and PF. Sheep with 
genotype ab had a higher mean GFW (aa: 2.21 ± 0.10 kg; ab: 2.30 ± 0.09 kg; bb: 2.23 ± 0.10 kg; P = 
0.113), mean CFW (aa: 1.68 ± 0.08 kg; ab: 1.74 ± 0.08 kg; bb: 1.67 ± 0.08 kg; P = 0.059), mean MSL 
(aa: 82.09 ± 3.00; ab: 21.37 ± 0.58; bb: 21.74 ± 0.61; P = 0.187) and mean PF (aa: 1.31 ± 0.80 %; ab: 
2.09 ± 0.73 %; bb: 1.99 ± 0.77 %; P = 0.098), than those of genotype aa and bb sheep. A trend for 
association between genotype and CVFD (P = 0.187) was also detected, with aa sheep tending to 
have a lower mean CVFD when compared to ab and bb sheep. 
Table 3.3      Association of KRT85 exon 3 - 4 variants with selected wool traits 
Trait Variant 
  
Single-variant model Multi-variant model 
  
Absent 
(n) 
Present 
(n) 
Absent 
(Mean ± SE1) 
Present 
(Mean ± SE) 
P Other 
variant 
fitted 
Absent 
(Mean ± SE) 
Present 
(Mean ± SE) 
P 
GFW a 117 346 2.24 ± 0.10 2.29 ± 0.09 0.282 b 2.38 ± 0.09 2.48 ± 0.09 0.045 
(kg) b 105 358 2.20 ± 0.10 2.28 ± 0.09 0.110 
    
CFW a 117 346 1.67 ± 0.08 1.74 ± 0.08 0.105 b 1.71 ± 0.07 1.81 ± 0.06 0.024 
(kg) b 105 358 1.67 ± 0.08 1.72 ± 0.08 0.142 a 1.74 ± 0.07 1.78 ± 0.06 0.305 
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YIELD a 117 346 75.33 ± 1.46 76.07 ± 1.38 0.301 
    
(%) b 105 358 75.96 ± 1.50 75.84 ± 1.37 0.869 
    
MFD a 117 346 18.88 ± 0.44 18.93 ± 0.41 0.830 
    
(µm) b 105 358 18.74 ± 0.45 18.93 ± 0.41 0.349 
    
FDSD a 117 346 4.11 ± 0.16 4.05 ± 0.15 0.417 b 4.14 ± 0.11 4.11 ± 0.10 0.562 
(µm) b 105 358 3.95 ± 0.16 4.08 ± 0.15 0.100 
    
CVFD a 117 346 21.75 ± 0.61 21.32 ± 0.58 0.151 b 21.81 ± 0.42 21.53 ± 0.37 0.265 
 
b 105 358 21.10 ± 0.63 21.48 ± 0.57 0.178 a 21.53 ± 0.42 21.82 ± 0.37 0.233 
MSL a 117 346 81.10 ± 2.90 83.25 ± 2.75 0.130 
    
(mm) b 105 358 81.72 ± 3.00 82.71 ± 2.73 0.467 a 83.02 ± 1.97 83.95 ± 1.74 0.416 
MSS a 117 346 25.31 ± 2.09 24.34 ± 1.99 0.341 
    
(N/ktex) b 105 358 24.90 ± 2.16 24.60 ± 1.97 0.759 
    
PF a 117 346 2.01 ± 0.77 1.98 ± 0.73 0.943 b 1.77 ± 0.67 1.88 ± 0.61 0.787 
(%) b 105 358 1.29 ± 0.79 2.06 ± 0.72 0.032     
MFC a 117 346 89.44 ± 3.55 90.85 ± 3.37 0.415     
(o/mm) b 105 358 90.51 ± 3.66 90.44 ± 3.34 0.964     
1Estimated marginal means and standard errors (SE) derived from the GLMMs. P < 0.05 are in bold, 
whereas 0.05 ≤ P <0.20 are italicised. 
3.3.4 Variation in the KRT31 promoter region and its association with wool traits 
Variants and genotypes detected by PCR-SSCP 
The three variants of the KRT31 promoter described in chapter 2, were found in the 485 Merino × 
Southdown-cross lambs. Their frequencies were 56%, 29% and 15% for A, B and C respectively. Five 
different genotypes were observed with the following genotypes having frequencies over 5%: AA 
(28%); AB (30%); AC (18%); BB (8%) and BC (7%). The remaining genotype CC was only observed in 15 
sheep. 
Associations between the KRT31 promoter region variants and variation in selected wool 
traits 
No associations were detected with A and B in the GLMMs. But the presence of C was found to be 
associated with an increase in GFW, CFW and MSL. These effects persisted in the multi-variant 
GLMMs (Table 3 - 4). The increase was 5.9%, 7.2% and 4.8% respectively for GFW, CFW and MSL 
(Table 3 - 4). 
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Associations between the KRT31 promoter region genotypes and variation in selected 
wool traits 
Among the five genotypes (AA, AB, AC, BB and BC) that occurred at a frequency of greater than 5%, 
an effect of genotype on GFW, CFW and MSL was detected. BC sheep produced wool of higher GFW, 
CFW and MSL, than AA, AB, AC and BB sheep (Table 3-5). Although the overall genotype effect on 
GFW was significant (P = 0.015), the pairwise comparison revealed there was no difference in GFW 
between genotypes (Table 3-5). 
Table 3.4      Association of KRT31 promoter variants with various wool traits 
Trait Variant 
  
Single-variant model Multi-variant model 
  
Absent 
(n) 
Present 
(n) 
Absent 
(Mean ± SE1) 
Present 
(Mean ± SE) 
P Other 
variant 
fitted 
Absent 
(Mean ± SE) 
Present 
(Mean ± SE) 
P 
GFW A 90 395 2.28 ± 0.09 2.27 ± 0.10 0.882 B,C 2.47 ± 0.09 2.49 ± 0.09 0.738 
(kg) B 218 267 2.24 ± 0.10 2.31 ± 0.10 0.170 C 2.46 ± 0.09 2.51 ± 0.09 0.392 
 
C 400 85 2.21 ± 0.10 2.34 ± 0.10 0.008 B 2.41 ± 0.09 2.56 ± 0.09 0.002 
CFW A 90 395 1.74 ± 0.08 1.71 ± 0.08 0.342 B,C 1.82 ± 0.07 1.81 ± 0.06 0.763 
(kg) B 218 267 1.69 ± 0.08 1.75 ± 0.08 0.119 C 1.78 ± 0.06 1.85 ± 0.06 0.120 
 
C 400 85 1.66 ± 0.08 1.78 ± 0.08 0.002 B 1.74 ± 0.06 1.89 ± 0.06 <0.001 
YIELD A 90 395 76.36 ± 1.42 75.40 ± 1.39 0.640 C 74.96 ± 0.91 74.21 ± 0.81 0.202 
(%) B 218 267 75.61 ± 1.41 75.95 ± 1.40 0.638  C 74.35 ± 0.09 74.67 ± 0.08 0.586 
 
C 400 85 75.26 ± 1.40 76.30 ± 1.40 0.142 
 
   
MFD A 90 395 18.81 ± 0.42 19.08 ± 0.41 0.202 B 19.07 ± 0.28 19.21 ± 0.25 0.449 
(µm) B 218 267 19.12 ± 0.42 18.83 ± 0.42 0.180 
    
 
C 400 85 18.89 ± 0.42 19.05 ± 0.42 0.425 B 19.17 ± 0.25 19.17 ± 0.26 0.997 
FDSD A 90 395 4.05 ± 0.16 4.09 ± 0.15 0.639 C 4.12 ± 0.11 4.17 ± 0.10 0.455 
(µm) B 218 267 4.12 ± 0.15 4.03 ± 0.15 0.270 C 4.21 ± 0.10 4.10 ± 0.10 0.096 
 
C 400 85 4.02 ± 0.15 4.12 ± 0.15 0.194 
    
CVFD A 90 395 21.47 ± 0.61 21.37 ± 0.59 0.721 
    
 
B 218 267 21.50 ± 0.60 21.33 ± 0.60 0.578 
    
 
C 400 85 21.26 ± 0.60 21.56 ± 0.60 0.329 
    
MSL A 90 395 83.58 ± 2.82 81.80 ± 2.75 0.199 B,C 83.41 ± 1.92 84.66 ± 1.73 0.342 
(mm) B 218 267 81.46 ± 2.79 83.49 ± 2.78 0.155 A,C 83.23 ± 1.87 84.84 ± 1.73 0.223 
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C 400 85 80.56 ± 2.77 84.45 ± 2.77 0.006 A,B 82.01 ± 1.81 86.06 ± 1.82 0.001 
MSS A 90 395 24.43 ± 2.04 24.78 ± 1.99 0.724 B 23.82 ± 1.47 22.71 ± 1.32 0.240 
(N/ktex) B 218 267 25.58 ± 2.01 23.76 ± 2.00 0.077 
 
   
 
C 400 85 24.45 ± 2.01 24.82 ± 2.01 0.721 B 22.50 ± 1.34 23.77 ± 1.40 0.149 
PF A 90 395 1.87 ± 0.75 2.16 ± 0.73 0.437     
(%) B 218 267 1.98 ± 0.74 2.10 ± 0.74 0.766     
 C 400 85 1.89 ± 0.74 2.19 ± 0.74 0.432     
MFC A 90 395 89.43 ± 3.47 90.98 ± 3.38 0.361 B 94.68 ± 2.25 96.30 ± 2.02 0.264 
(o/mm) B 218 267 91.57 ± 3.44 89.24 ± 3.42 0.185 
    
 
C 400 85 90.26 ± 3.43 90.45 ± 3.43 0.913 B 96.00 ± 2.06 65.68 ± 2.15 0.818 
1Estimated marginal means and standard errors (SE) derived from the GLMMs. P < 0.05 are in bold, 
whereas 0.05 ≤ P <0.20 are italicised. 
Table 3.5      The effect of KRT31 promoter genotype on various wool traits 
Trait Mean ± SE P 
 
AA (n = 164) AB (n = 183) AC (n = 48) BB (n = 53) BC (n = 31) 
 
GFW (kg) 2.17 ± 0.10 2.29 ± 0.10 2.33 ± 0.11 2.21 ± 0.11 2.37 ± 0.11 0.015 
CFW (kg) 1.61 ± 0.08b 1.72 ± 0.08ab 1.74 ± 0.09ab 1.67 ± 0.09ab 1.82 ± 0.09a 0.009 
YIELD (%) 74.93 ± 1.48 75.41 ± 1.49 75.44 ± 1.62 75.55 ± 1.64 76.67 ± 1.56 0.745 
MFD (µm) 19.06 ± 0.44 18.84 ± 0.45 19.28 ± 0.49 18.53 ± 0.49 18.88 ± 0.47 0.385 
FDSD (µm) 4.09 ± 0.16 4.06 ± 0.16 4.28 ± 0.18 4.04 ± 0.18 3.98 ± 0.17 0.310 
CVFD 21.46 ± 0.63 21.47 ± 0.63 22.14 ± 0.69 21.78 ± 0.70 21.01 ± 0.66 0.291 
MSL (mm) 78.87 ± 2.91b 81.48 ± 2.94ab 82.45 ± 3.20ab 80.59 ± 3.24ab 86.29 ± 3.06a 0.030 
MSS (N/ktex) 25.61 ± 2.12 23.66 ± 2.14 26.16 ± 2.32 23.99 ± 2.35 23.54 ± 2.23 0.421 
PF (%) 1.87 ± 0.79 2.22 ± 0.79 2.53 ± 0.86 1.79 ± 0.87 2.00 ± 0.83 0.608 
MFC (°/mm) 91.46 ± 3.62 88.97 ± 3.65 90.98 ± 3.97 87.37 ± 4.02 89.99 ± 3.80 0.575 
1Estimated marginal means, standard errors and P values derived from GLMs. Bonferroni correction 
fitted for repetitive testing. P ≤ 0.05 are in bold. Means within rows that do not share a superscript 
letter are different (P< 0.05). 
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3.3.5 Variation in the KRT34 promoter region and its association with wool traits 
Variants and genotypes detected by PCR-SSCP 
The two variants (A and B) detected in Chapter 2 were identified in 460 Merino × Southdown-cross 
lambs. Their frequencies were 41% and 59% for A and B respectively. Three different genotypes were 
observed and the frequencies were AA (10%); AB (57.39%) and BB (32.61%). 
Associations between the KRT34 promoter 1 variants and variation in selected wool traits 
In the single-variant GLMMs, the presence of A was found to be associated with a decrease in MFD, 
FDSD and MSL. This association persisted for FDSD and MSL, but was lost for MFD in the multi-variant 
GLMMs (Table 3-6).  
The presence of B was found to be associated with an increase in YIELD and MFD. These effects 
persisted in the multi-variant GLMMs, except for MFD, for which a trend (P = 0.055) was observed 
(Table 3-6). 
Associations between the KRT34 promoter 1 genotypes and variation in selected wool 
traits 
With the three genotypes tested, an effect of genotype was detected for MFD and FDSD. Sheep with 
genotype BB had higher mean MFD and FDSD, than those of genotype AA and AB (Table 3-7). A trend 
for association between genotype and MSL was also detected (P = 0.103), with BB sheep tending to 
have a higher mean MSL, when compared to AA and AB sheep (Table 3-7). 
Table 3.6      Association of KRT34 promoter 1 variants with selected wool traits 
Trait Variant 
 
iu Single-variant model Multi-variant model 
  
Absent 
(n) 
Present 
(n) 
Absent 
(Mean ± SE) 
Present 
(Mean ± SE) 
P Other 
variant 
fitted 
Absent 
(Mean ± SE) 
Present 
(Mean ± SE) 
P 
GFW A 151 310 2.30 ± 0.10 2.25 ± 0.09 0.265 B 2.48 ± 0.09 2.42 ± 0.09 0.205 
(kg) B 46 414 2.17 ± 0.11 2.27 ± 0.09 0.098 
    
CFW A 151 310 1.73 ± 0.08 1.70 ± 0.08 0.437 
    
(kg) B 46 414 1.68 ± 0.09 1.71 ± 0.08 0.578 
    
YIELD A 151 310 75.54 ± 1.43 75.84 ± 1.38 0.648 B 74.68 ± 0.95 74.75 ± 0.86 0.151 
(%) B 46 414 77.42 ± 1.60 75.63 ± 1.36 0.050 
    
MFD A 151 310 19.32 ± 0.43 18.84 ± 0.41 0.012 B 19.23 ± 0.29 18.93 ± 0.26 0.066 
(µm) B 46 414 18.37 ± 0.48 19.04 ± 0.41 0.014 A 18.88 ± 0.32 19.28 ± 0.25 0.055 
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FDSD A 151 310 4.22 ± 0.15 4.02 ± 0.15 0.006 B 4.23 ± 0.11 4.09 ± 0.10 0.030 
(µm) B 46 414 3.911 ± 0.18 4.10 ± 0.15 0.058 A 4.13 ± 0.12 4.19 ± 0.10 0.419 
CVFD A 151 310 21.79 ± 0.61 21.30 ± 0.59 0.074 
    
 
B 46 414 21.14 ± 0.69 21.49 ± 0.58 0.370 A 21.64 ± 0.48 21.81 ± 0.37 0.587 
MSL A 151 310 84.06 ± 2.84 81.39 ± 2.74 0.039 
    
(mm) B 46 414 82.61 ± 3.22 82.29 ± 2.72 0.863 A 84.09 ± 2.20 84.15 ± 1.72 0.968 
MSS A 151 310 25.51 ± 2.03 24.22 ± 1.96 0.158 
    
(N/ktex) B 46 414 24.69 ± 2.29 24.66 ± 1.94 0.983 A 22.89 ± 1.68 23.47 ± 1.31 0.603 
PF A 151 310 2.47 ± 0.76 1.86 ± 0.74 0.075 B 2.29 ± 0.69 1.74 ± 0.64 0.117 
(%) B 46 414 1.48 ± 0.86 2.11 ± 0.73 0.198 A 1.76 ± 0.76 2.27 ± 0.60 0.292 
MFC A 151 310 90.84 ± 3.51 90.49 ± 3.40 0.825 B 94.51 ± 2.36 94.71 ± 2.14 0.877 
(o/mm) B 46 414 86.95 ± 3.95 90.84 ± 3.35 0.083     
1 Estimated marginal means and standard errors (SE) derived from the GLMMs. P < 0.05 are in bold, 
whereas 0.05 ≤ P <0.20 are italicised. 
Table 3.7      The effect of KRT34 promoter 1 genotype on various wool traits 
Trait Mean ± Std Error1 P 
 
AA (n = 46) AB (n = 264) BB (n = 150) 
 
GFW (kg) 2.16 ± 0.11 2.26 ± 0.09 2.30 ± 0.10 0.177 
CFW (kg) 1.68 ± 0.09 1.70 ± 0.08 1.73 ± 0.08 0.673 
YIELD (%) 77.43 ± 1.61 75.66 ± 1.38 75.58 ± 1.42 0.145 
MFD (µm) 18.32 ± 0.48b 18.89 ± 0.41ab 19.31 ± 0.42a 0.005 
FDSD (µm) 3.89 ± 0.17b 4.04 ± 0.15b 4.21 ± 0.15a 0.008 
CVFD (%) 21.08 ± 0.69 21.32 ± 0.59 21.79 ± 0.61 0.168 
MSL (mm) 82.26 ± 3.21 81.30 ± 2.75 84.07 ± 2.84 0.103 
MSS (N/ktex) 24.52 ± 2.29 24.18 ± 1.97 25.52 ± 2.03 0.357 
PF (%) 1.41 ± 0.86 1.91 ± 0.74 2.46 ± 0.76 0.124 
MFC (°/mm) 86.96 ± 3.96 90.88 ± 3.40 90.77 ± 3.51 0.223 
1Estimated marginal means, standard errors and P values derived from GLMs. Bonferroni correction 
fitted for repetitive testing. P ≤ 0.05 are in bold. Means within rows that do not share a superscript 
letter are different (P< 0.05). 
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3.4 Discussion 
3.4.1 Variation in KRT83 exon 3 - 4 mainly affects fibre diameter 
Despite there being no evidence of variation in the coding sequence of KRT83, variation in exon 3 - 4 
(located in exon 4 and non-coding intron 3 and intron 4 regions) was found to be associated with a 
number of wool fibre diameter traits. The possibility therefore exists that this is a consequence of a 
strong correlation between some of these traits, or because the associations observed are due to 
linkage between KRT83 and other genes on chromosome 3, more specifically, other KRTs that affect 
the traits. The chromosome 3 KRTs are clustered and potentially all of them are variable and 
expressed in the wool fibre (Yu et al., 2011b). This means that it would not be an easy task to isolate 
and illustrate the independent effects of the individual genes. Greater insight into the possibility of 
linkage between genes driving the effects, could however be obtained by replicating this research 
with other genes that are proximal to KRT83 on chromosome 3. 
The associations revealed between variation in KRT83 and the wool traits are consistent with 
previously reported correlations between these wool traits (Gong, Zhou, Hodge, Dyer, & Hickford, 
2015). For example, Gong et al. (2015) reported a moderate negative correlation between wool 
YIELD, and MFD and MFC; a strong positive correlation between MFD, and FDSD and PF, and a strong 
positive correlation between FDSD and CVFD. Variant A’s association with both decreased FDSD and 
CVFD, may therefore simply reflect Gong et al. (2015) observation that MFD and FDSD are strongly 
positively correlated traits, and not that the variant is associated with both MFD and FDSD 
independently. Similarly, variant C’s association with increased MFD, PF and MFC, and decreased 
YIELD; and D’s association with increased MFD and PF, and decreased YIELD; may simply reflect the 
observation that YIELD is moderately negatively correlated with MFD and PF, and that MFD is 
strongly positively correlated with PF (Gong et al., 2015). 
While variant D was associated with decreased YIELD, this variant was showing a trend towards being 
associated with increased GFW. This might suggest that D has effects on both YIELD and GFW. The 
effects observed for YIELD and GFW do not appear to be due to these traits being correlated, as the 
correlation between these traits is reported (Gong et al., 2015) to be weak and positive. In Gong et 
al. (2015) the trait most highly correlated with GFW is CFW, yet D was only found to be associated 
with GFW, but not CFW. Given that YIELD is the proportion of GFW that is CFW, as a percentage, then 
an increase in GFW due to the presence of D should therefore lead to a decrease in YIELD. This is 
what was observed in this study.  
Variants C and D were found to be associated with increased MFD, but not with FDSD and CVFD. 
(Gong et al., 2015) revealed MFD to be strongly correlated with both CVFD and FDSD, which is 
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unsurprising given that CVFD is the proportion of MFD that is FDSD, described as a percentage. 
Similarly, A and E were associated with decreased FDSD and CVFD, but were not associated with 
MFD. This suggests that KRT83 affects wool fibre diameter-associated traits including MFD, FDSD and 
CVFD, but the effect with MFD may be independent of the effects with FDSD and CVFD. This may 
mean that C and D affect the mean of the fibre diameter for any given wool sample, but not the 
distribution of fibre diameters around that mean, whereas A and E do not affect the mean of fibre 
diameters, but instead affect the distribution of fibre diameters around a mean. This might suggest 
that mean fibre diameter and the two fibre diameter distribution traits (CVFD and FDSD) can be 
independently selected for, despite these traits being correlated.  
CFW and MFD are two of the most economically important traits in wool production systems. There 
have been some studies reporting a positive correlation between these two traits (Huisman & Brown, 
2009; Safari et al., 2007b; Wuliji et al., 2001), implying that selecting for either CFW or MFD may lead 
to a change in the other trait. However, this study suggests that despite variation in KRT83 having an 
association with variation in MFD, CVFD, and FDSD, there is not an association observed with CFW. 
This suggests that selecting for improvements in MFD, CVFD and FDSD may be possible, without 
having a negative impact on fleece production. While this would require further testing in more 
sheep of differing breeds, genders and ages, it is consistent with the study of Gong et al. (2015), and 
it is supported by the Trangie QPLU$ project (CSIRO, Australia) which revealed that both CFW and 
MFD can be improved concurrently using genetic selection (Mortimer, Taylor, Atkins, & Pope, 2006). 
The associations detected in this study are in agreement with previous findings that revealed QTLs 
for MFD (Bidinost et al., 2008), CVFD (Allain et al., 1998; Allain et al., 2013) and GFW (Allain et al., 
2006) on chromosome 3. The effect of the variation in KRT83 on wool traits is also somewhat similar 
to the effects reported for KRTAP1-2 (Gong et al., 2015), KRTAP6-1 (Zhou, Gong, Li, Luo, & Hickford, 
2015) and KRTAP22-1 (Li et al., 2017), despite these KRTAPs being located on other chromosomes. 
This would suggest that some wool traits are controlled by multiple genes and not individual KRTs 
and KAPs. Further study is therefore required to assess how groups of genes may work together to 
affect wool traits. 
3.4.2 Variation in KRT85 promoter 2 mainly affects fibre diameter distribution 
Variation in the KRT85 Promoter 2 fragment was found to be associated with some traits. The 
possibility therefore exists that this is a consequence of a strong correlation between some of these 
traits, or because the associations observed are due to linkage between KRT85 and other genes on 
chromosome 3. As described above, it is difficult to isolate the independent effects of the individual 
KRTs, because they are tightly clustered on the chromosome, are all expressed in the wool follicle (Yu 
et al., 2011b), and because they are possibly all polymorphic.  
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The associations revealed between variation in KRT85 and some wool traits are consistent with the 
previously reported correlations between these wool traits (Gong et al., 2015). For example, Gong et 
al. (2015) reported a strong positive correlation between PF, and MFD and FDSD, and between FDSD, 
and MFD and CVFD. Variant B associated with both increased PF and FDSD, but this may simply 
reflect the observation that PF and FDSD are strongly positively correlated traits Gong et al. (2015), 
and not because the variant is associated with both PF and FDSD independently. Although variant B 
was not associated with CVFD, which is reported to be strongly correlated with FDSD (Gong et al. 
2015), a trend of association was observed. This suggests that the KRT85 Promoter 2 fragment 
affects wool fibre diameter-associated traits, such as FDSD, but that it does not affect MFD in the 
way that the KRT83 exon 3 - 4 variation appears to in these sheep. This may mean that B affects the 
distribution of fibre diameters around that mean, but not the MFD itself, and consequently hints that 
MFD and FDSD can be independently selected for, despite these traits being correlated. 
The associations detected in this study are in agreement with the finding of Zhou et al. (2015) who 
reported an association between variation in KRTAP6-1 and fibre diameter associated traits. This 
KRTAP is however on a different chromosome. The observation that variation in the KRT85 Promoter 
2 fragment affects wool traits, and that the effect is similar to the effect for the KRT83 exon 3 - 4 
fragment, and KRTAP6-1, would never-the-less suggest that wool traits are controlled by multiple 
genes, and that genes located on the same chromosome might have similar effects. Further study of 
this is required. 
3.4.3 Variation in KRT85 exon 3 - 4 fragment mainly affects fleece weight 
Variant B of the KRT85 exon 3 - 4 fragment was found to be associated with PF, and there were no 
other significant effect on wool traits in the single-variant GLMMs. However, in the multi-variant 
model, variant A was associated with GFW and CFW. This is consistent with the strong positive 
correlation reported between GFW and CFW by Gong et al. (2015).  
KRT85 is located on the same chromosome as KRT83, but whereas variation in the KRT83 exon 3 - 4 
fragment was associated with fibre diameter, the variation in the KRT85 exon 3 - 4 fragment was 
found to be associated with an increased GFW and CFW. Variation in the KRT85 exon 3 - 4 fragment, 
did however show a trend for association with MSL. This may suggest that the variation in GFW and 
CFW may have come about because of variation in fibre growth. Gong et al. (2015) have reported 
that GFW and CFW are both moderately positively correlated with increased MSL. 
The associations detected in this study are in agreement with the findings that revealed a QTL for 
GFW on chromosome 3 (Allain et al., 2006). The effect of the variation in the KRT85 exon 3 - 4 
fragment on wool traits is also similar to the effects observed for KRTAP1-2 (Gong et al., 2015), 
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KRTAP6-1 (Zhou et al., 2015), KRTAP22-1 (Li et al., 2017), and KRT83 (in this study), despite these 
KRTAPs and KRTs being located on different chromosomes. Once again, this suggests that wool traits 
are not a consequence of the action of individual KRTs or KRTAPs, but instead reflect the coordinated 
expression of potentially many of these genes. 
3.4.4 Variation in KRT31 promoter fragment mainly affects fleece weight 
Variation in the KRT31 promoter fragment was found to be associated with a number of wool traits, 
including GFW, CFW and MSL. This suggests that KRT31 is having its primary effect on the amount of 
wool that grows, especially as a sizeable differences were observed in the means for these traits for 
the common genotypes, a conclusion that was reinforced by the conclusions that can be drawn from 
the variant presence/absence models. For example, the presence of C in a genotype was associated 
with an additional 200 grams of CFW. This effect seemed to be associated with increased MSL, 
suggesting the increase in GFW and CFW may have come about because of increased fibre growth, as 
opposed to an increase in fibre diameter traits. It may also reflect the observation of Gong et al. 
(2015) that MSL, CFW and GFW are moderate positively correlated traits. 
The possibility once again exists that the effects observed for KRT31 may be due to its clustering with 
other KRTs and KRTAPs on the same chromosome. Eighteen other KRTs and KRTAPs have been 
identified on sheep chromosome 11 near KRT31 (Oar_v4.0 reference assembly), including ten KRTs 
(KRT32-40, KRT27 and KRT14-15), and eight KRTAPs (KRTAP3-3, KRTAP3-2, KRTAP1-1, KRTAP1-2, 
KRTAP1-3, KRTAP1-4, KRTAP4-3 and KRTAP4-1), in order from the centromere to the telomere on the 
long arm of the chromosome. These KRTs and KRTAPs are clustered, they are potentially all 
polymorphic, and they are potentially all expressed in the wool fibre. This means it would be very 
difficult to isolate and quantify the independent effects of the individual KRTs and KRTAPs. 
Nevertheless, the result from this study suggest that the KRT31 promoter could potentially be a 
gene-marker for wool weight. 
Polymorphism may also be important in respect to the expression of the genes. The majority of the 
SNPs described in the ovine KRT31 promoter region fragment, could affect transcription factor 
binding sites, or the activity of enhancer elements, and thus affect the expression of the gene. 
CFW and MFD are two important traits in wool production systems, and selection for either CFW or 
MFD may lead to a change in the other trait. In this study variation in KRT31 had an association with 
variation in GFW, CFW and MSL, but there was no association observed with MFD. This suggests that 
selecting for improvements in GFW and CFW may be possible without increasing MFD, and this is 
consistent with the findings of  Gong et al. (2015), and supported by the Trangie QPLU$ project 
(CSIRO, Australia) which reveals that both CFW and MFD can be improved concurrently using genetic 
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selection (Mortimer et al., 2006). It is certainly deserving of further investigation in more sheep of 
differing breed, of different gender and age. 
3.4.5 Variation in KRT34 promoter fragment 1 mainly affects fibre diameter 
Variation in the KRT34 Promoter 1 fragment was found to be associated with a number of wool 
traits. The possibility exists that the effects observed for KRT34 may be due to its linkage to other 
KRTs and KRTAPs on the same chromosome. Eighteen other KRTs and KRTAPs have been identified 
on sheep chromosome 11 near KRT34 (Oar_v4.1 reference assembly), including KRT31 which was 
also studied in this research. In this cluster of genes, KRT33A (Sumner, Forrest, Zhou, Henderson, & 
Hickford, 2013) and KRTAP1-2 (Gong et al., 2015) have both been reported to be associated with 
wool traits, including MFD. 
The associations found between variation in KRT34, are however also once again consistent with 
there being phenotypic correlations between wool traits (Gong et al., 2015), such as a strong positive 
correlation between MFD and FDSD, a moderate negative correlation between YIELD and MFD, and a 
weak negative correlation between MFD and MSL. KRT34 Promoter 1 fragment variant A was 
associated with decreased MFD, FDSD and MSL, but this could simply reflect the observation that 
MFD is strongly positively correlated with FDSD, and that MFD is weakly negatively correlated with 
MSL (Gong et al., 2015).  
While KRT34 Promoter 1 fragment variant B was associated with increased MFD and decreased 
YIELD, this variant also showed a trend of association with increased GFW. YIELD and MFD are 
reported to be moderately negatively phenotypically correlated, while MFD and GFW are reported to 
be weakly positively phenotypically correlated (Gong et al., 2015). Given that YIELD is the proportion 
of GFW that is CFW, as a percentage, then an increase in GFW due to the presence of B could 
therefore also lead to a decrease in YIELD. 
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Chapter 4 
General Summary and Future Directions 
This thesis focused on investigation of genetic variation in four KRTs. These genes were revealed to 
be polymorphic, and on that basis, they were further investigated to ascertain whether that genetic 
variation influenced wool traits.  
Thirteen different regions of the four genes were investigated. This included parts of the promoter, 
exon 2 and exon 3 - 4 regions of KRT83; two fragments of the promoter (Promoter 1, Promoter 2) 
and exon 3 – 4 regions of KRT85; parts of the promoter, exon 1, exon 3 and exon 7 of KRT31, and 
three fragments of the promoter (Promoter 1, Promoter 2 and Promoter 3) of KRT34. It is notable 
that, 54 functional KRTs from 13 families have been identified in humans, so the ovine KRTs 
described thus far, including the four in this thesis, are likely to be only a small fraction of the 
number in the sheep genome. This suggests very strongly that further study is required to 
characterize more KRT genes in the sheep genome. 
All the KRTs investigated in this study were found to be polymorphic. The number of variant 
sequences identified ranged from one for the KRT83 promoter and KRT85 Promoter 1 regions 
investigated, to five variants for the KRT83 exon 3 – 4 region. Most of the regions amplified had two 
variants. Most of the SNPs observed in these KRTs were synonymous, or located in promoter regions 
or intron regions. It could however be wrongly assumed that they may not have a functional effect, 
but they could effect gene expression in a variety of now well understood ways. For example, 
synonymous SNPs can affect mRNA stability (Duan et al., 2003), and alter mRNA secondary structure 
(Nackley et al., 2006). In the context of these KRTs, further investigation will therefore be required to 
ascertain whether SNPs of this kind do affect mRNA stability and structure, and thus function, and 
thus ultimately whether this disturbs the amount of mature protein produced in the wool fibre. 
The results also suggest that genes coding for the keratin proteins have been conserved during 
evolution. It has been suggested that the evolution of the variable glycine-rich domains of keratins 
proceeded through a pathway that included a series of tandem duplications and possible gene 
conversion events (Klinge, Sylvestre, Freedberg, & Blumenberg, 1987). Interestingly, the evolutionary 
patterns observed in linked KRTAP gene families can be attributed to two traditional evolutionary 
models: concerted evolution and birth–and–death processes (Wu, Irwin, & Zhang, 2008). Overall 
however, the mechanisms that drive the accumulation of keratin gene variation are currently 
unknown. In this respect, further investigation of other ovine KRTs may be helpful to better 
understanding the evolution of these genes and the variation that is found in them. 
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The findings of this thesis could possibly form a basis for the development of gene-markers for 
improving fibre diameter and fleece weight. This will require more work to validate what has been 
observed in larger flocks of differing breed and gender, and at different sheep ages too. Variation in 
the KRT83 exon 3 - 4, KRT34 promoter 1 region was found to be associated with MFD, while variation 
in KRT85 promoter2 was associated with fibre diameter distribution, and KRT85 exon 3 - 4 and KRT31 
promoter were associated with fleece weight (Chapter 3). Should such effects be identified in other 
breeds, extended haplotype analysis of these chromosomal regions containing these KRTs should be 
considered and association studies at the haplotype level may be a better option for finding genetic 
markers for wool traits.  
It would also be important to investigate whether other K genes or other regions of the studied KRTs 
have similar effects on wool traits. Future studies should be carried out to ascertain whether 
variation in promoter regions and intron regions affects gene expression or protein structure, and 
how that might ultimately affect wool traits. If useful gene-markers can be confirmed, they could be 
used to improve wool quality or quantity. In this context, we found that genotype BC of the KRT31 
promoter region could increase CFW by 0.21 kg, compared to genotype AA, and depending on the 
value of that 210 grams of extra wool, this might have substantial financial benefits. 
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Appendix A 
Major Suppliers of Molecular Biology Reagents, Enzymes and 
Equipment  
Bioline, London, UK 
Bio-Rad Laboratories, Inc., Hercules, CA, USA 
Gilson S. A. S., Villiers Le Bel, French 
Integrated DNA Technologies, Coralville, IA, USA 
Julabo GmbH, Seelbach, Germany 
Lynnon Biosoft, Vaudreuil, Canada 
Qiagen GmbH, Hilden, Germany 
Quality Scientific Plastics, Inc. San Diego, CA, USA 
Quantum Scientific, Queensland, Austrailia 
Sigma Chemical Compary, St Louis, MO, USA 
UVItec Limited, Cambridge, UK 
Whatman Bioscience, Middlesex, UK 
All other chanicals unless otherwise stated were of AR grade and obtained from Merck KCaA, 
Dermstadt, Geramany or British Drug Houses (BDH) Chemicals, Poole, England. 
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Appendix B 
Sequence Alignments of KRT Variants Identified in this Study 
(a) KRT83 exon 2
 
(b) KRT83 exon 3-4
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(c) KRT85 promoter 2
 
(d) KRT85 exon 3-4
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(e) KRT31 promoter
 
(f) KRT31 exon 2
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(g) KRT31 exon 4
 
(h) KRT31 exon 8
 
(i) KRT34 promoter 1
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Appendix C 
Genotypes of Five KRT Regions and Their Wool Trait Measurement Data 
Year 
Lamb 
ID SireID 
Birth 
rank Sex 
KRT83 
exon 3-4 
KRT85 
promoter 2 
KRT85 
exon 3-4 
KRT31 
promoter 
KRT34 
promoter 1 GFW CFW Yield MFD MFL FDSD MSS CVFD PF MFC 
2002 9 MV144 U E AB AB ab AA AA 4.87 3.70 79.2 17.1 80 4.0 25 23.4 . 88.9 
2002 11 MV144 U R AA AB ab AC AB 3.31 2.25 78.3 17.4 83 3.0 43 20.1 . 93.4 
2002 12 MV144 U E AA . aa AB AB 3.39 2.70 . 16.4 . 3.0 . 20.7 . 100.9 
2002 13 MV144 U R AA . aa CC BB 3.67 2.25 72.4 15.3 83 3.0 23 20.9 . 94.9 
2002 14 MV144 U E AA AB ab AC AB 4.40 2.90 79.1 17.9 . 4.0 . 23.5 . 88.8 
2002 15 MV144 U R BB BB bb AC AB 3.05 2.30 72.6 15.6 79 4.0 13 26.3 . 93.9 
2002 17 MV144 U E AB . ab AC AB 4.27 3.10 76.5 15.9 88 4.0 9 23.1 . 100.3 
2002 19 MV144 U E AB BB bb AC BB 4.21 3.25 79.0 16.6 96 3.0 27 19.3 . 93.4 
2002 20 MV144 U R AB AB aa AC AB 4.89 3.70 75.4 16.7 86 3.0 30 19.2 . 103.3 
2002 21 MV144 U E AE . aa AC BB 3.73 2.75 78.2 17.0 94 3.0 15 20.6 . 91.4 
2002 23 MV144 U R AB . ab AC AB 4.01 3.10 76.0 17.8 105 5.0 29 25.8 . 93.7 
2002 24 MV144 U R AA . aa AB AA 2.85 1.90 72.9 18.3 89 4.0 32 19.7 . 94.2 
2002 25 MV144 U R AB AB ab AA AB 2.49 1.50 67.8 16.5 83 4.0 35 22.4 . 100.5 
2002 28 MV144 U R AB AB ab AB AB 2.73 1.95 73.3 15.9 82 3.0 16 20.1 . 97.6 
2002 29 MV144 U R AB . ab AC BB 2.51 1.75 80.0 17.8 85 4.0 30 21.9 . 92.2 
2002 30 MV144 U R AB AB ab AC BB 3.25 2.10 76.5 16.1 81 3.0 31 19.3 . 94.1 
2002 31 MV144 U R AB BB bb AC AB 3.69 2.55 76.0 16.7 93 3.0 16 18.6 . 98.6 
2002 32 MV144 U R AA AB ab AA AA 2.87 2.20 74.1 14.9 73 4.0 20 25.5 . 94.2 
2002 34 MV144 U R AB AB bb AA AA 3.39 2.20 78.3 16.2 92 3.0 19 21.0 . 97.6 
2002 35 MV144 U R AA AC aa CC AB 2.69 2.10 72.6 17.7 84 4.0 25 23.2 . 88.4 
2002 37 MV144 U R AB BC ab AA AA . 2.15 . 17.6 . 4.0 . 21.6 . 92.1 
2002 38 MV144 U E AC AC aa BC AB . 2.65 . 17.8 . 4.0 . 22.5 . 94.7 
2002 39 MV144 U E AB AB ab CC BB 4.61 3.70 77.5 17.4 73 4.0 35 23.6 . 97.1 
2002 40 MV144 U E AB BB bb AA AA 3.45 2.70 72.9 16.9 91 4.0 16 21.3 . 85.7 
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2002 41 MV144 U R AA AB ab AB AA 3.32 3.50 78.0 18.2 83 5.0 24 25.3 . 109.0 
2002 42 MV144 U E AA AB ab BC AB 3.23 2.20 78.9 16.7 83 3.0 23 20.4 . 92.0 
2002 46 MV144 U R AB BB bb BC AB 3.21 2.25 75.2 17.4 77 4.0 19 20.7 . 103.2 
2002 47 MV144 U E AC AA aa AA AB 3.77 2.95 67.4 17.3 79 4.0 20 22.5 . 97.0 
2002 48 MV144 U E AA AB ab BC AB 3.03 2.15 81.0 16.7 76 4.0 9 25.8 . 108.8 
2002 49 MV144 U E AB AB ab AB AA 3.69 2.90 76.7 17.6 99 3.0 16 17.6 . 101.8 
2002 50 MV144 U E AA AA . BC AB 3.77 2.85 76.5 16.1 77 3.0 30 21.1 . 92.8 
2002 51 MV144 U E AB BB bb AC BB 2.85 2.20 75.2 15.8 79 3.0 21 17.7 . 106.3 
2002 53 MV144 U R BB BB bb AC BB 4.47 3.40 66.2 16.7 78 4.0 14 23.4 . 106.1 
2002 56 MV144 U E AA AC aa AC BB 2.91 2.00 76.7 16.0 88 4.0 39 22.4 . 89.9 
2002 57 MV144 U E AE AC aa AC AB 3.87 3.25 77.0 17.3 97 4.0 26 20.8 . 101.1 
2002 58 MV144 U E AA AA aa CC BB 5.77 5.00 . 16.6 . 3.0 . 18.7 . 86.4 
2002 59 MV144 U E AB . ab CC BB 2.67 2.15 76.3 16.9 83 3.0 54 18.9 . 109.4 
2002 60 MV144 U E AA AB ab AC AB 3.07 2.55 74.3 17.4 82 4.0 33 22.4 . 92.7 
2002 61 MV144 U R AB AB ab AC BB 4.69 3.30 77.8 16.5 92 4.0 12 22.4 . 80.9 
2002 62 MV144 U R AA AB ab AC AB 2.65 2.15 75.3 17.6 89 4.0 35 23.9 . 93.4 
2002 63 MV144 U E AA BB bb AC AB 2.43 2.10 73.4 17.6 80 4.0 17 21.5 . 100.9 
2002 64 MV144 U E AB BB bb CC BB 3.01 2.45 79.5 15.9 85 4.0 32 23.3 . 106.4 
2002 65 MV144 U E AB BB bb AC AB 3.09 2.20 77.5 16.6 75 3.0 12 20.5 . 111.4 
2002 66 MV144 U R AB AB ab AC AB 2.47 1.85 76.2 16.0 81 3.0 12 18.1 . 95.7 
2002 68 MV144 U E AB AB ab AB AA 2.79 2.15 72.7 15.3 74 3.0 18 21.6 . 103.0 
2002 69 MV144 U R AA AA aa AA . 3.11 2.45 76.6 17.7 87 4.0 21                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         . 98.9
2002 70 MV144 U E AA AA aa AA AA 2.77 1.85 76.8 18.1 90 4.0 26 21.0 . 89.5 
2002 71 MV144 U R AE AC aa AC AB 2.67 2.05 75.8 17.0 93 3.0 36 20.0 . 104.9 
2002 73 MV144 U R AA AA aa AC BB 2.77 2.45 77.6 16.2 91 4.0 35 24.1 . 96.8 
2002 74 MV144 U R AA AA aa CC BB 3.57 2.80 71.1 19.7 78 5.0 28 23.9 . 86.0 
2002 75 MV144 U R AB BB ab AC BB 2.59 1.75 78.2 15.5 80 3.0 20 19.4 . 105.3 
2002 76 MV144 U R AB BB bb BC AB 2.41 1.80 75.9 14.9 81 3.0 15 22.1 . 91.8 
2002 77 MV144 U E BB BB bb AA AA 3.11 2.35 76.9 17.5 90 4.0 2 25.1 . 100.9 
2002 78 MV144 U R AA AB ab AC BB 2.79 1.65 77.1 16.4 93 3.0 22 21.3 . 89.3 
2002 79 MV144 U E AB BB bb AC BB 2.23 1.50 79.5 18.1 89 4.0 15 24.3 . 102.0 
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2002 81 MV144 U E AB BB bb AC BB 2.83 2.10 74.5 17.5 106 4.0 25 22.9 . 99.4 
2002 83 MV144 U R AA AA aa AC AB 3.59 2.80 78.8 16.6 93 3.0 23 19.3 . 98.2 
2002 84 MV144 U E AA AA aa AC AB 3.33 2.55 83.2 17.9 101 3.0 17 18.4 . 89.6 
2002 85 MV144 U E AA AC aa AB AA 3.07 2.30 76.2 16.9 93 4.0 16 22.5 . 102.3 
2002 86 MV144 U E AB BC ab BC AB 3.71 2.80 70.1 16.2 93 4.0 12 25.9 . 96.3 
2002 87 MV144 U E AB AB ab AB AA 2.23 1.60 76.9 15.4 80 3.0 17 21.3 . 106.8 
2002 88 MV144 U R AB BB bb BC AB 3.21 2.70 80.0 17.1 92 3.0 16 19.3 . 87.8 
2002 89 MV144 U E AB . ab AA AB 3.97 2.80 79.1 16.8 93 3.0 27 20.8 . 94.9 
2002 90 MV144 U E AE AC aa AA AB 3.05 1.45 79.5 18.1 84 4.0 24 20.4 . 90.3 
2002 91 MV144 U E AA AA aa BC AB 3.35 3.20 75.5 16.5 86 3.0 23 21.2 . 97.4 
2002 92 MV144 U R AB BB bb AC AB 2.61 1.70 73.5 16.2 70 4.0 11 23.5 . 96.8 
2002 93 MV144 U R AA . bb BC BB 2.67 1.85 75.1 16.2 78 3.0 28 21.0 . 104.4 
2002 94 MV144 U E AB BB bb AC AB 2.83 2.00 76.0 17.0 110 4.0 24 21.2 . 90.7 
2002 95 MV144 U R AB BB ab AA AB 2.81 2.20 77.6 15.5 70 3.0 17 19.4 . 110.4 
2002 96 MV144 U E AB AB ab AC AB 3.93 3.00 74.8 18.2 79 3.0 36 18.7 . 97.1 
2002 97 MV144 U E BC AB ab AC AB 2.93 2.00 77.5 16.3 99 3.0 22 17.8 . 96.2 
2002 98 MV144 U R AA AB ab AC AB 4.07 3.75 71.9 16.7 75 4.0 11 25.1 . 105.7 
2002 99 MV144 U R AB AB ab BC AB 2.73 2.05 76.3 16.8 84 3.0 42 18.5 . 88.6 
2002 100 MV144 U R AA AA aa AB AA 3.43 2.75 73.3 18.0 90 3.0 40 17.8 . 92.3 
2002 101 MV144 U R BE BC ab BC AB 2.93 2.20 78.3 17.8 80 4.0 34 20.2 . 93.9 
2002 102 MV144 U E AA AA aa BB AA 2.92 2.55 73.4 20.1 81 4.0 13 21.4 . 90.6 
2002 103 MV144 U R AB AB ab AC BB 4.07 2.90 75.2 15.0 77 3.0 14 21.3 . 95.4 
2002 104 MV144 U E AB BB bb AC BB 3.37 2.60 73.0 16.3 67 3.0 26 19.0 . 88.9 
2002 105 MV144 U E AA AB ab BC AB 2.89 2.10 75.2 16.0 63 4.0 16 23.1 . 110.4 
2002 106 MV144 U E AB AB ab BC AB 2.93 1.95 68.4 16.3 58 3.0 16 20.9 . 97.4 
2002 108 MV144 U R BB BB bb AC AB 3.81 2.95 79.9 17.0 90 3.0 18 18.8 . 94.2 
2002 109 MV144 U R AB BB bb AC BB 3.45 2.75 78.4 16.4 78 3.0 9 20.1 . 95.1 
2002 110 MV144 U R AA AB ab AB AA 3.37 2.75 79.8 17.1 81 4.0 29 21.0 . 86.3 
2002 112 MV144 U R AA AB ab AA AB 2.75 2.20 77.1 17.3 79 3.0 25 19.6 . 107.4 
2002 113 MV144 U E AB BB bb AC BB 3.01 2.35 79.3 19.0 115 4.0 24 21.0 . 90.5 
2002 114 MV144 U E AA AA aa AC BB 3.63 2.65 74.8 15.4 85 4.0 18 26.0 . 91.7 
 104 
2002 115 MV144 U R AC AA aa AC AB 3.39 2.50 78.6 15.9 92 3.0 29 21.5 . 102.9 
2002 116 MV144 U E AA AA aa AA AA 2.97 1.35 74.0 16.7 89 4.0 15 26.4 . 99.3 
2002 117 MV144 U E AA AA aa AB AB 3.01 2.05 76.2 16.4 77 3.0 24 20.1 . 99.1 
2002 118 MV144 U R AB AB ab AC AB 3.77 2.65 73.1 16.8 91 3.0 38 19.6 . 94.6 
2002 119 MV144 U E AC AA aa AC AB 3.11 2.40 76.1 16.7 96 3.0 27 18.6 . 97.8 
2002 120 MV144 U E AB BB bb CC BB 3.55 2.65 77.6 16.7 98 3.0 20 19.8 . 89.9 
2002 121 MV144 U E AA AA aa AC BB 3.17 2.40 . 15.9 . 3.0 . 19.6 . 99.2 
2002 124 MV144 U R BE BC ab AC AB 3.79 3.55 78.8 17.3 91 3.0 31 20.2 . 93.7 
2002 125 MV144 U R AB AB bb AC AB 3.25 2.45 79.3 15.3 74 3.0 14 21.6 . 97.6 
2002 127 MV144 U E AA AB ab AA AA 3.39 2.50 73.3 16.4 68 3.0 28 18.3 . 96.0 
2002 128 MV144 U R AA AB ab AC AB 3.41 2.50 72.1 16.5 69 4.0 5 21.2 . 100.8 
2002 129 MV144 U R AA AB ab AA AB 3.71 2.75 78.9 17.9 87 3.0 29 19.0 . 88.3 
2002 130 MV144 U E AB BB bb AA AB 2.89 2.30 78.3 17.3 95 4.0 20 22.0 . 101.7 
2002 133 MV144 U E BB BB bb AC AB 3.75 2.45 75.5 19.1 88 4.0 18 22.0 . 98.9 
2002 135 MV144 U E AB AB ab AC AB 3.91 2.85 78.2 17.2 86 4.0 15 20.9 . 94.8 
2002 136 MV144 U R AA AC aa AC BB 2.76 2.60 76.4 19.7 86 5.0 21 24.4 . 98.2 
2002 137 MV144 U E AA AA aa AA AB 2.21 1.50 79.2 16.8 69 3.0 24 20.8 . 98.7 
2002 138 MV144 U R AB AB ab AA AA 2.99 3.15 76.6 18.1 83 4.0 15 19.9 . 75.0 
2002 139 MV144 U E AB AB ab AC BB 4.17 2.95 76.6 17.0 91 3.0 42 20.6 . 94.7 
2002 140 MV144 U E AB AB ab AC AB 3.69 2.90 75.3 18.1 89 4.0 30 21.0 . 102.9 
2002 141 MV144 U E AB AB ab AC AB 3.09 2.10 77.6 16.7 70 4.0 25 25.8 . 93.7 
2002 142 MV144 U R AA AA aa AC AB 1.93 1.95 77.9 15.5 90 3.0 6 21.3 . 104.8 
2002 144 MV144 U R AA AB ab AC AB 2.45 1.70 75.7 15.6 78 3.0 20 19.4 . 97.3 
2002 145 MV144 U R AA AB ab BB AA 3.55 2.90 78.9 16.8 94 3.0 23 18.6 . 92.5 
2002 146 MV144 U E AA AA aa AA AA 2.45 1.55 77.9 18.2 78 5.0 5 24.7 . 79.1 
2002 147 MV144 U R AB AA ab AC AB 2.81 2.25 76.4 17.3 86 3.0 35 19.6 . 93.0 
2002 148 MV144 U E AA AA aa AC BB 2.73 2.80 79.0 17.4 77 3.0 14 19.5 . 108.2 
2002 149 MV144 U R AB BB bb AC AB 2.99 2.25 78.7 15.8 77 5.0 25 29.1 . 103.7 
2002 150 MV144 U E AA AB ab AA AB 2.87 2.00 74.7 17.5 90 4.0 10 20.6 . 90.9 
2002 151 MV144 U R AB AB ab AA AB 2.41 1.75 73.3 15.7 62 4.0 10 25.5 . 108.7 
2002 152 MV144 U R AB AB ab AC AB 1.99 1.45 79.3 16.5 89 3.0 22 19.4 . 94.0 
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2002 153 MV144 U R AB BB bb AA AA 2.91 2.05 74.7 16.5 79 3.0 22 18.2 . 99.7 
2002 154 MV144 U R BB BB bb AC AB 2.25 2.00 78.3 17.1 97 3.0 22 18.7 . 86.6 
2002 155 MV144 U E BB BB bb AC BB 2.15 1.40 75.9 17.8 88 4.0 21 23.6 . 93.3 
2002 156 MV144 U R AB AB ab AC AB 3.61 2.60 76.9 17.4 81 3.0 14 19.5 . 98.6 
2002 159 MV144 U R AB AB ab AA AB 2.75 1.95 72.4 17.2 81 4.0 8 22.7 . 90.7 
2002 160 MV144 U E BC BB bb CC AB 3.59 2.90 79.2 17.2 78 4.0 24 21.5 . 86.3 
2002 162 MV144 U E AA AA aa AC AB 3.61 2.70 77.6 18.0 69 4.0 18 21.1 . 97.4 
2002 163 MV144 U R AB AB ab AC AB 3.07 2.20 79.7 16.3 78 3.0 15 21.5 . 94.3 
2002 164 MV144 U R AA AB ab AC AB 2.17 1.85 77.8 16.3 90 4.0 18 22.7 . 100.5 
2002 165 MV144 U E AA AB ab AC . 2.19 2.15 78.5 17.0 95 3.0 19 18.2 . 92.7 
2002 167 MV144 U R BB BB bb AA AB 3.03 2.05 76.7 16.7 78 3.0 19 17.4 . 91.6 
2002 169 MV144 U E AB BB bb AC BB 2.35 1.65 76.0 17.1 98 4.0 17 22.2 . 82.2 
2005 202 MV144 1 R BB . ab AC BB 3.00 2.2 73.4 17.2 86 3.9 24 22.5 1 88.2 
2005 204 Stoneyhurst 2 R BC AB ab AB AA 2.34 1.6 70.6 19.0 93 3.8 26 20.3 1.17 81.5 
2005 205 Stoneyhurst 1 E BC AB ab AB AA 2.82 1.9 66.5 20.9 80 5.0 18 23.7 5.25 82.9 
2005 207 Stoneyhurst 1 R AD AB ab AB BB 3.62 2.5 68.3 19.3 60 3.6 40 18.5 1.67 85.6 
2005 210 MV144 2 R BB BB bb AA AB 2.62 1.9 73.6 16.1 75 3.8 26 23.5 0.25 92.7 
2005 212 MV144 1 R AB AB bb AC BB 2.24 . . . 87 . 15 . . . 
2005 216 MV144 2 U AB AB ab AC BB 2.86 2.3 83.7 17.2 91 5.6 23 32.6 2.58 88.8 
2005 217 Stoneyhurst 1 U BC AB aa BB AB 2.50 1.8 73.4 20.7 76 4.7 45 22.7 4.5 87.8 
2005 218 MV144 1 R AB AB ab AA AB 2.66 2.1 81.8 17.2 68 3.1 24 18.0 0.5 73.8 
2005 223 MV144 2 E AA AB ab AC BB 2.80 2.3 80.5 15.5 94 3.4 38 21.7 0.5 64.3 
2005 224 MV144 1 E AC AA bb AA AB 2.82 2.1 76.3 17.4 75 3.5 54 20.1 0.83 88.3 
2005 225 MV144 1 R AC AB ab BC AB 2.84 2.3 81.6 18.8 84 3.4 26 18.2 0.67 89.2 
2005 227 Stoneyhurst 2 R AC AA . AB BB 2.38 1.9 67.2 20.2 84 4.6 31 23.0 3.33 96.1 
2005 229 MV144 2 R AB AB ab AC BB 2.04 1.5 76.0 16.8 92 3.1 26 18.2 0.5 87.5 
2005 230 MV144 2 E BB BB bb AA AA 1.90 1.5 78.4 18.0 82 4.0 21 22.1 1.08 80.3 
2005 231 MV144 1 E AA AA aa AA AB 2.50 2.0 78.2 16.3 81 2.8 32 17.2 0 93.8 
2005 232 MV144 1 R BB BB bb BC BB 2.72 2.0 74.6 14.6 71 3.8 28 25.8 0.17 95.3 
2005 234 Stoneyhurst 1 E BC AB ab BC BB 3.12 2.1 68.9 23.4 91 5.2 28 22.1 9.92 84.3 
2005 235 Stoneyhurst 1 E AC AA aa AB AB 2.38 1.6 70.0 21.4 73 3.6 38 16.8 1.08 119.9 
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2005 236 MV144 1 E AA AA aa AC BB 2.04 1.5 77.4 17.0 88 3.2 18 18.8 0.17 86.6 
2005 237 MV144 1 R AA AA aa AC BB 2.94 2.3 77.9 17.7 71 3.1 36 17.8 0.17 87.9 
2005 238 MV144 1 R AB BB bb AC AB 2.88 2.3 81.3 15.7 72 2.9 54 18.5 0.08 92.1 
2005 239 Stoneyhurst 1 E DE BC ab AB AB 2.48 1.5 63.2 19.8 69 3.8 17 19.3 0.92 82.1 
2005 240 Stoneyhurst 2 R AD AB ab AB AB 2.32 . . . 79 . 26 . . . 
2005 241 Stoneyhurst 2 E AA AA bb AB AA 2.10 1.5 70.3 17.1 61 3.9 32 22.7 0.42 105.2 
2005 242 Stoneyhurst 2 R CC BB ab BC BB 2.50 1.7 67.7 21.3 80 5.4 20 25.1 5.17 96.8 
2005 243 Stoneyhurst 2 E CD BB bb BC BB 2.30 1.6 68.0 21.3 82 4.3 31 20.0 4 87.7 
2005 244 MV144 1 R AB BB ab AA AB 2.76 2.2 79.8 14.9 72 2.6 36 17.5 0.5 88.5 
2005 245 Stoneyhurst 2 R AA AA ab AB BB 2.42 1.8 74.7 20.6 81 4.1 45 20.0 1.58 82.6 
2005 247 Stoneyhurst 2 E AD BB bb AB AA 2.08 1.3 67.2 16.3 68 3.1 26 19.0 0.08 82.1 
2005 248 Stoneyhurst 2 E BC AB ab AB AA 2.52 1.9 75.6 20.2 69 3.7 45 18.5 1.25 82.3 
2005 249 MV144 2 R AB AB bb AC BB 2.56 . . . 73 . 18 . . . 
2005 251 Stoneyhurst 1 R AD AB ab BC BB 2.76 2.0 72.4 19.3 90 2.7 39 13.9 0 89.5 
2005 252 MV144 1 E AD BB bb AB AB 3.26 1.9 59.0 20.7 118 4.1 7 19.9 3.08 93.7 
2005 253 MV144 1 R AB BB bb AA BB 2.98 2.3 79.0 16.3 83 3.3 33 19.9 0.17 78.9 
2005 256 MV144 1 R BC . ab AC . 2.74 1.9 68.8 16.4 80 3.3 34 20.3 0.5 98.4 
2005 257 Stoneyhurst 2 R AD BB bb AB BB 2.26 1.5 67.9 20.0 78 5.7 13 28.3 6.33 101.8 
2005 258 Stoneyhurst 2 E CC BB ab AB AB 2.48 1.9 77.4 18.0 76 4.2 16 23.0 1.08 92.6 
2005 259 Stoneyhurst 1 E AD AB ab AB AA 2.86 2.1 74.5 20.4 96 5.5 32 26.7 7.17 79.2 
2005 260 Stoneyhurst 1 R AC BB bb AB . 2.62 1.9 74.3 17.0 69 3.1 31 18.1 0.17 77.6 
2005 262 Stoneyhurst 2 R AC AA aa AB AB 2.08 1.6 78.1 18.1 68 3.0 26 16.3 0.08 103.9 
2005 263 Stoneyhurst 2 E AC AA aa AB AB 1.58 1.1 70.2 21.6 62 5.1 33 23.7 6.75 93.1 
2005 264 Stoneyhurst 2 U BC AB ab AB AA 2.32 1.6 69.8 20.7 83 4.1 26 19.7 1.25 88.3 
2005 265 Stoneyhurst 2 U BD BB bb BB AA 1.66 1.1 71.4 16.1 67 3.4 11 21.1 0.33 84.5 
2005 267 Stoneyhurst 1 E DE BC ab BC BB 2.26 1.5 67.2 20.8 83 4.3 30 20.7 1.83 96.6 
2005 273 Stoneyhurst 2 E BC AB ab AB AB 2.32 1.7 71.8 21.1 91 4.6 41 21.7 4 90.7 
2005 274 MV144 2 R BB BB bb BB BB 2.48 1.8 74.1 17.2 84 4.4 32 25.4 0.83 84.2 
2005 275 MV144 2 E AB BB aa AA BB 1.92 1.4 73.4 17.6 78 3.4 20 19.2 0.33 97.9 
2005 278 Stoneyhurst 2 R AD AB ab BC AB 2.76 . . . 67 . 44 . . . 
2005 279 Stoneyhurst 2 E AC AA aa AB AA 2.44 1.6 68.3 20.9 90 4.9 38 23.6 3.5 101.2 
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2005 280 Stoneyhurst 2 R AC AA aa BC BB 2.56 . . . 82 . 35 . . . 
2005 281 Stoneyhurst 2 E BD BB bb AC AB 1.64 1.0 64.7 19.0 68 4.1 29 21.5 0.83 108.5 
2005 282 Stoneyhurst 2 R AD BB bb AB AB 1.92 1.3 69.2 16.2 70 3.6 15 22.2 0.67 97.0 
2005 283 Stoneyhurst 2 R BC AB ab AB AB 2.28 1.6 70.6 17.4 64 3.3 50 18.8 0.58 96.9 
2005 285 Stoneyhurst 2 E AC AA aa AB . 2.36 1.6 68.7 20.8 88 4.6 26 21.9 3.75 81.6 
2005 289 MV144 1 E BE BC ab AC AB 2.40 2.0 83.0 17.0 78 3.3 33 19.5 0.58 78.2 
2005 291 MV144 2 R AB AB ab AA AB 2.22 1.7 76.9 16.2 69 3.5 35 21.7 0.67 84.7 
2005 292 MV144 1 R AA AB ab AA AB 2.48 1.8 75.0 15.9 68 3.0 37 19.2 0.42 97.9 
2005 293 MV144 1 R AE AC aa AC BB 2.84 . . . 63 . 28 . . . 
2005 294 Stoneyhurst 2 R AC AA aa AB AB 2.38 1.4 62.1 18.5 72 3.5 23 19.1 1.08 103.9 
2005 296 MV144 1 E AB BB ab AA AA 1.88 1.4 75.4 16.0 67 3.4 26 21.3 0.33 92.1 
2005 298 MV144 2 E AB BB ab AA AB 2.00 1.5 74.1 16.9 74 3.4 14 20.5 0.58 93.8 
2005 301 Stoneyhurst 1 R AC AA aa AB . 2.80 2.0 70.0 19.7 80 3.6 24 18.5 0.92 91.8 
2005 302 Stoneyhurst 1 R AD BB ab AB AB 3.24 2.2 68.0 21.1 77 4.3 30 20.3 4.25 80.9 
2005 303 Stoneyhurst 1 R CC BB aa AB BB 2.60 1.7 67.3 17.7 63 4.6 32 25.8 0.83 97.9 
2005 304 MV144 1 R AB AB ab BC BB 2.28 1.8 81.3 16.3 89 3.0 12 18.5 0.17 91.0 
2005 305 MV144 1 R AA AC ab AA AA 2.46 . . . 84 . 18 . . . 
2005 306 MV144 1 R AA AA aa AC . 2.12 . . . 67 . 32 . . . 
2005 307 MV144 1 E AB AB bb AA AB 2.22 1.7 75.9 16.2 68 3.8 27 23.2 0.67 80.5 
2005 308 Stoneyhurst 1 R BD BB aa BB AB 2.16 . . . 71 . 31 . . . 
2005 309 MV144 1 R BB BB bb AC AB 2.80 2.1 76.1 18.8 76 3.8 40 20.2 0.92 94.3 
2005 310 MV144 1 R BB AB ab AC BB 2.46 1.9 78.7 18.3 82 3.1 49 17.0 0.58 96.6 
2005 313 MV144 1 E AA AA aa AA AA 2.28 1.7 75.2 15.8 64 3.9 31 24.5 0.42 85.5 
2005 314 MV144 2 E AA BB ab AA AB 1.86 1.4 78.3 19.0 70 3.7 33 19.4 0.42 101.8 
2005 316 Stoneyhurst 1 E AC AA aa AB AB 1.96 1.3 67.3 18.7 79 4.3 21 23.1 1.58 102.1 
2005 317 Stoneyhurst 2 R BB BB bb AB AB 2.54 1.6 65.7 17.5 98 3.1 35 17.9 0.17 83.7 
2005 320 MV144 1 R AE AC aa AC BB 2.60 . . . 79 . 31 . . . 
2005 322 Stoneyhurst 1 E BC AB ab BB AB 2.86 1.9 67.1 18.5 86 4.2 32 22.5 1.58 100.9 
2005 323 MV144 1 R AB BB ab AA AB 2.44 1.8 73.4 18.2 69 3.0 42 16.4 0.08 94.4 
2005 324 Stoneyhurst 1 E BD BB bb BB AA 2.12 1.6 76.4 17.6 93 3.3 36 18.7 0.25 82.5 
2005 325 MV144 1 E AB AB ab CC BB 2.72 2.2 83.0 16.8 74 3.6 46 21.4 0.5 83.7 
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2005 327 MV144 1 E BE BB ab AC . 2.66 2.0 78.6 17.6 70 3.2 50 18.2 0.42 82.1 
2005 329 MV144 2 E AA AB ab AC AB 2.00 1.5 76.9 18.8 92 3.5 37 18.5 0.58 85.8 
2005 331 Stoneyhurst 1 U AC AA . BC AB 2.38 1.7 71.9 19.4 88 3.7 16 19.2 0.83 83.5 
2005 332 MV144 1 E BD AB ab AA AA 2.88 2.3 82.4 16.3 82 2.9 33 17.6 0.17 74.8 
2005 333 Stoneyhurst 1 R AD AB ab AB AB 2.32 . . . 80 . 18 . . . 
2005 334 Stoneyhurst 2 E AC BB bb BC BB 1.88 1.2 66.7 18.0 82 3.7 21 20.3 1.08 95.8 
2005 336 Stoneyhurst 1 R AD AB ab BB AB 2.22 . . . 70 . 20 . . . 
2005 338 Stoneyhurst 1 R CD BB aa AB BB 3.00 2.0 67.0 20.7 65 3.2 45 15.5 1 99.5 
2005 340 MV144 1 E BB BB bb AC BB 2.64 2.0 75.2 14.6 82 3.5 24 24.3 0.83 78.7 
2005 341 Stoneyhurst 1 R BC AB ab BC AB 2.86 2.0 70.2 19.9 82 3.6 10 18.3 1.67 91.8 
2005 342 MV144 1 R AB AB ab BC AB 2.26 1.8 81.2 16.3 87 2.9 23 17.9 0.33 84.5 
2005 343 Stoneyhurst 1 R AD BC ab BC AB 2.26 1.6 70.6 18.4 83 3.7 11 19.9 0.5 95.1 
2005 344 MV144 1 R AB AB ab AA AB 2.72 . . . 76 . 14 . . . 
2005 345 Stoneyhurst 2 R BC AB . AB AB 2.44 2.0 75.1 19.3 71 5.3 21 27.3 4.08 79.6 
2005 346 Stoneyhurst 2 R AC AA aa AB AA 2.16 . . . 84 . 8 . . . 
2005 348 Stoneyhurst 1 R BD BB bb BC AB 2.58 1.8 73.5 18.2 77 3.3 36 18.2 0.33 99.1 
2005 349 MV144 1 E AB . bb AC AB 2.68 2.0 77.9 18.7 68 4.1 30 21.9 1.33 89.7 
2005 352 Stoneyhurst 1 U AD BB ab AB . 2.74 2.0 75.3 18.0 83 3.7 17 20.6 0.83 85.8 
2005 354 MV144 2 E AA AB ab AC AB 2.66 2.0 75.5 16.0 87 3.1 20 19.2 0.33 94.5 
2005 355 Stoneyhurst 1 R AD BB bb AA AB 2.24 1.8 80.2 17.5 77 3.1 33 17.5 0.17 84.2 
2005 356 Stoneyhurst 2 R BD BB bb AC BB 2.30 1.6 71.6 18.2 74 4.2 36 23.2 1.67 95.7 
2005 357 Stoneyhurst 2 E AD BC ab BC AB 2.20 1.4 64.7 17.7 77 4.7 18 26.4 2.33 97.3 
2005 358 Stoneyhurst 1 E AC AA aa AB AB 2.28 1.5 70.2 20.4 70 4.1 39 20.2 2.17 101.4 
2005 359 MV144 1 U AD AA . AA AA 2.12 1.6 78.3 17.5 68 2.8 31 15.8 0.33 75.7 
2005 360 MV144 1 E AE . . AA . 2.34 1.8 79.2 18.0 86 2.8 26 15.8 0.33 78.0 
2005 362 Stoneyhurst 2 R AD AB ab AB BB 1.62 . . . 55 . 9 . . . 
2005 363 Stoneyhurst 2 E AC . ab AB . 2.08 1.6 77.8 17.0 84 3.2 42 18.6 0.5 89.0 
2005 364 MV144 1 R AB BB bb AA AA 2.60 . . . 40 . 7 . . . 
2005 366 Stoneyhurst 1 R AB BB bb AC AA 2.76 2.3 83.4 18.3 85 3.6 52 19.7 1.17 75.4 
2005 369 MV144 1 R BB BB bb AA AB 1.48 . . . 79 . 16 . . . 
2005 370 MV144 2 R AA AB bb AC BB 1.72 . . . 91 . 27 . . . 
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2009 514 sire 2 2 R AB BB bb AC BB 2.6 2 76.6 25.1 90 6.2 15 24.7 20.5 73.8 
2009 516 sire 2 2 R AD BB ab AC BB 2.4 1.5 62.2 23.5 88 5.7 16 24.1 11.5 84.8 
2009 518 sire 2 1 R AB BB bb AA BB 2 1.5 76.2 20.1 73 4.1 22 20.4 1.1 79.9 
2009 521 sire 2 1 R AD AB ab AB AB 2.6 1.9 74.3 21.7 76 5.6 16 26 8.8 91.8 
2009 523 sire 2 2 R AB BB bb AA BB 2.2 1.6 70.8 19.6 93 4.6 20 23.5 3.25 101.6 
2009 524 sire 2 1 R AA AB ab AA AB 1.8 1.2 66.6 17.7 78 4.6 13 26.2 2.05 101.2 
2009 525 sire 2 2 R AA BB ab BB AB 1.8 1.3 74.8 18.3 66 3.7 14 20.5 0.8 98.2 
2009 527 Yellow Tag Southdown sire 2 R AB BB bb AA AB 2.7 1.7 64.2 21 75 5.3 28 25.3 3.85 93.7 
2009 528 Yellow Tag Southdown sire 1 R AA BB ab AC BB 2.4 1.7 69.6 21.8 82 4.8 14 22 5.4 96.4 
2009 529 Yellow Tag Southdown sire 1 R AB BB bb AA AB 1.7 1 61.1 19.6 71 4.3 12 21.9 1.55 129.7 
2009 530 Yellow Tag Southdown sire 2 R AD AB ab AA AB 2.1 1.4 66.8 18.5 91 4.2 16 22.5 1.2 106.6 
2009 532 Yellow Tag Southdown sire 2 R AA BB bb AC BB 2.1 1.4 67.6 17 93 3.3 28 19.2 0.35 93.4 
2009 533 Yellow Tag Southdown sire 1 R AA BB bb AA BB 2.1 1.4 66.1 20.3 62 4.3 39 21.1 1.4 109.4 
2009 534 Yellow Tag Southdown sire 1 R DE BC . AA BB 2.3 1.7 75.9 18 92 3.6 26 19.9 0.3 89.9 
2009 535 Yellow Tag Southdown sire 2 R AE BC ab AA . 2.2 1.6 70.9 17.5 100 3.7 18 21.4 0.45 78.3 
2009 536 Yellow Tag Southdown sire 2 R BD BB bb AA BB 2.4 1.6 68.6 20 83 4.9 24 24.7 2.95 88.5 
2009 537 Yellow Tag Southdown sire 1 R AA BB . AA AB 2.1 1.5 69.6 20.9 75 4.9 18 23.5 3.9 106.8 
2009 539 Yellow Tag Southdown sire 1 R AD AB ab AA AB 2.5 1.9 74.4 20.8 80 4.5 22 21.9 3.35 82 
2009 540 Yellow Tag Southdown sire 1 R AA AB ab AB BB 2.1 1.4 67.9 20.1 74 3.8 24 18.9 0.85 112.9 
2009 541 Yellow Tag Southdown sire 2 R AD BB bb AB BB 2.6 1.7 63.8 21.8 79 5.2 27 23.9 5.2 71.3 
2009 544 Yellow Tag Southdown sire 2 R AA BB bb AA BB 2.9 2.3 78.7 18.3 94 4 28 21.7 0.75 79.9 
2009 546 Yellow Tag Southdown sire 1 R AD BB bb AB BB 2 1.5 75.4 17.6 79 4.1 28 23.3 1.1 104.9 
2009 547 Yellow Tag Southdown sire 2 R AA BB bb AC BB 2 1.4 68.8 20.2 78 5.3 18 26.1 5.1 97.4 
2009 548 Yellow Tag Southdown sire 2 R AA BB bb AA BB 2.1 1.4 66.6 20.8 72 4.1 35 19.9 1.5 95.9 
2009 549 Yellow Tag Southdown sire 2 R AD BB bb AA . 2 1.3 64.7 18 65 3.4 25 18.9 0.25 106.3 
2009 550 Yellow Tag Southdown sire 2 R DE BC ab AA BB 1.8 1.2 69.4 18.5 68 4.3 21 23.3 1.6 125.6 
2009 551 sire 2 1 R AC AB ab AB AB 2.6 1.8 67.9 22.4 89 4.9 16 22 6.8 79.8 
2009 552 sire 2 2 R AC AB ab AA BB 2.2 1.6 73.2 18.5 89 4.3 27 23.3 1.1 68.7 
2009 553 sire 2 1 R AE AC aa AA AB 2.6 1.8 71 18 79 3.8 23 21.1 0.7 84.4 
2009 554 sire 2 1 R AC AA aa AA BB 1.9 1.2 65.8 22 71 4.5 12 20.3 4.15 99 
2009 555 sire 2 2 R AE AC aa AB BB 2.5 1.7 69.5 21.9 87 5.2 17 23.6 7.1 93.6 
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2009 556 sire 2 2 R AA AB aa AC BB 2.6 1.6 63.1 19.9 96 4.8 12 24 2.4 111.1 
2009 557 sire 2 2 R AE AA aa AB AB 2.2 1.6 72.1 19.6 71 4.7 10 24.1 2.75 112.1 
2009 558 sire 2 2 R AC AB ab AA AB 2.2 1.4 62.6 20.6 80 4.2 18 20.4 2.55 127.9 
2009 559 sire 2 2 R AB AB ab AA AB 2.1 1.6 74.4 22.8 94 5.5 21 24.4 10.25 87.1 
2009 560 sire 2 2 R AA BB bb CC BB 1.3 1 75.9 20 83 5.6 14 28.2 5.6 98.4 
2009 561 sire 2 2 R AC AB ab AC AB 1.5 1.1 76.6 18.9 67 4.8 11 25.4 2 91.5 
2009 562 sire 2 2 R AB BB bb AA AB 1.8 1.1 62.9 16.7 68 3.2 24 19 0.3 107.7 
2009 563 sire 2 2 R AB BB bb AA AB 1.8 1.3 72.4 17 85 4 24 23.6 0.1 86.3 
2009 564 sire 2 1 R AB BB bb AC BB 2.5 1.6 64.6 21 72 4.4 17 20.9 2.15 90.2 
2009 565 sire 2 1 R AA AB ab AB BB 1.5 1.1 72.6 20.9 68 4.7 23 22.5 3.6 95.2 
2009 566 sire 2 1 R AA AA aa AB AB 2.4 1.6 67.4 19.6 70 4.1 11 20.9 1.05 85.4 
2009 567 sire 2 1 R AE BC ab AA AB 1.8 1.2 68.2 18.5 76 4.1 14 21.9 1.25 107.8 
2009 568 sire 2 2 R AA AB ab AA BB 2.1 1.6 77.7 20.1 75 4.6 37 22.7 3 82.4 
2009 569 sire 2 1 R AA AA aa AA BB 2 1.4 69.7 18.9 57 4.4 34 23.5 1.65 90 
2009 570 sire 2 1 R AA AB ab AA BB 2.2 1.5 67 19.9 73 4.4 7 22.2 1.7 106.6 
2009 571 sire 2 2 R AC AB ab AA AB 2.6 1.8 69.7 20.6 86 5.2 14 25.3 4.15 102.9 
2009 572 sire 2 1 R AA BB bb BB AB 2.5 1.9 75.2 18.9 85 4.4 27 23.2 1.15 82.8 
2009 573 sire 2 1 R AC AB bb AA AB 2.2 1.5 68.2 20.2 76 4.7 9 23.4 2.45 96.4 
2009 574 sire 2 1 R AA BB bb AA BB 2 1.5 72.7 19.5 77 4.6 14 23.8 2.2 95.2 
2009 577 Yellow Tag Southdown sire  2 R AA BB ab AC BB 2 1.3 66.1 20.5 75 5 14 24.3 2.85 139.7 
2009 578 Yellow Tag Southdown sire  2 R AD BB bb AB BB 2.1 1.5 70.5 21.6 52 5.3 16 24.7 6.5 102.9 
2009 579 Yellow Tag Southdown sire  1 R AA BB bb AB AB 1 0.7 71.7 20.9 49 4.8 21 22.8 3.4 139.7 
2009 581 Yellow Tag Southdown sire  2 R AA BB . BB BB 1.6 1.2 72.1 21.3 79 4.4 14 20.8 3.2 97.8 
2009 582 Yellow Tag Southdown sire  1 R AA BB ab AB BB 2.4 2 82.9 18.5 88 3.8 26 20.5 0.6 112.1 
2009 583 Yellow Tag Southdown sire  1 R AB BB bb AA AB 2.6 1.5 59.2 20.9 61 5 14 23.9 5.35 106.8 
2009 584 Yellow Tag Southdown sire  1 R AA AB bb AA BB 1.8 1.3 73.5 18.4 84 4.1 22 22.1 1 72.6 
2009 585 Yellow Tag Southdown sire  2 R AA BB ab AA AB 2.1 1.3 60.1 20.1 65 4.5 12 22.2 1.75 114.5 
2009 586 Yellow Tag Southdown sire  2 R AA AB ab AA BB 2.4 1.6 68.2 20 73 4.1 21 20.5 0.6 118.8 
2009 587 Yellow Tag Southdown sire  2 R AA AB ab AA BB 2.1 1.4 69 20.3 78 4.8 15 23.5 2.55 117.3 
2009 588 Yellow Tag Southdown sire  2 R AA BB ab AA BB 2.3 1.4 59.7 22.2 69 5 24 22.5 5.45 146.7 
2009 589 Yellow Tag Southdown sire  1 R AA . bb AA AB 1.6 1.1 69.2 19.9 72 4.5 15 22.8 1.4 82.8 
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2009 591 Yellow Tag Southdown sire  1 R AA BB bb AA BB 1.4 1.1 76.6 17.5 74 3.3 26 19.1 0.15 107.3 
2009 592 Yellow Tag Southdown sire  2 R AA . . AA BB 2.4 1.4 57.7 22.3 63 4.5 29 20.1 4.15 78.6 
2009 593 Yellow Tag Southdown sire  1 R AA BB ab AA AB 1.8 1.5 80.8 18.7 75 4.7 42 25.2 2.1 78 
2009 594 Yellow Tag Southdown sire  1 R AD BB bb AA AB 2 1.4 70.9 23.5 78 7 25 29.6 17.6 102.5 
2009 597 Yellow Tag Southdown sire  1 R BD . . AA BB 2.3 1.5 66.7 21.5 74 4.7 23 21.6 3.3 129.6 
2009 602 sire 2 1 R AA AB ab AA AB 2.1 1.4 65.8 21.2 60 4.9 17 23.2 3.85 108.3 
2009 603 sire 2 2 R AE BC ab AA BB 2 1.4 71.6 18 78 4.5 21 25.3 1 80 
2009 604 sire 2 1 R AA AB ab AA BB 1.9 1.3 68.2 20.2 59 4.6 22 23 2.9 97.1 
2009 605 sire 2 1 R AA AB ab AA AB 2.1 1.6 78.3 18.8 71 3.5 30 18.8 0.25 91.7 
2009 606 sire 2 1 R AC AA aa AB AB 2.2 1.6 74.4 21.8 69 4.8 17 21.9 4.1 121.2 
2009 607 sire 2 1 R AA BB ab AB AB 2.7 1.9 71.8 16.8 79 3.8 22 22.4 0.6 81.3 
2009 608 sire 2 1 R AE AC aa AC BB 2.5 1.9 74.1 18.1 84 4.4 17 24.5 1 100.7 
2009 609 sire 2 1 R AA AB ab AA AB 1.8 1.3 72.7 18.8 68 4.5 24 24.1 1.25 80.6 
2009 610 sire 2 2 R AC . . AA . 1.9 1.4 75.8 18.1 82 4.2 19 23 0.55 73.6 
2009 611 sire 2 2 R AA AA aa AA AB 1.8 1.2 64.3 17.7 78 3.8 14 21.6 0.6 111.1 
2009 612 sire 2 1 R AB BB bb BB BB 1.9 1.5 77 17.1 73 4.1 21 23.8 0.7 100 
2009 613 sire 2 1 R AA BB ab AA BB 2.1 1.3 63.5 20.2 68 4.5 21 22 2.3 93.2 
2009 614 sire 2 1 R AE BC ab AA BB 1.8 1.4 75.1 18.4 70 4.4 28 24 1.65 84.4 
2009 770 Yellow Tag Southdown sire 1 E DE BC ab AB AB 2.6 2 77.3 18.5 112 3.4 25 18.4 0.25 74.9 
2009 771 Yellow Tag Southdown sire 1 E AD . . AA AB 2.1 1.3 63.1 22 89 4.4 28 19.9 2.75 116.3 
2009 776 Yellow Tag Southdown sire 1 E AA . . AB BB 2.2 1.5 67.6 21 72 4.5 25 21.5 2.95 89.8 
2009 777 Yellow Tag Southdown sire 1 E DE . . AA BB 2.3 1.7 74.4 20.8 88 4.8 28 22.8 3.95 95.3 
2009 778 Yellow Tag Southdown sire  1 E AA BB bb AA AB 2 1.6 80 17.5 73 4.6 22 26.1 1.2 95.3 
2009 779 Yellow Tag Southdown sire  2 E AA AB . AA AB 2.7 1.7 61.2 19.2 82 4.9 23 25.7 1.25 93.4 
2009 780 Yellow Tag Southdown sire  1 E AB AB bb AA AB 2.5 1.7 66.4 20.7 76 5.5 15 26.4 4.9 89.5 
2009 781 Yellow Tag Southdown sire  2 E AE BC ab AA BB 2.1 1.4 65.8 22.1 70 5.6 30 25.2 8 92.9 
2009 783 Yellow Tag Southdown sire  1 E AA BB bb . BB 2 1.5 73.1 19.4 75 4.5 17 23.4 0.95 88.8 
2009 784 Yellow Tag Southdown sire  2 E AB BB bb AA AB 2 1.3 64.9 17.7 93 4 24 22.5 0.4 100.9 
2009 785 Yellow Tag Southdown sire  1 E AC BB bb AC BB 2.6 1.8 69 19.6 93 4.3 25 21.9 1.5 109.1 
2009 786 Yellow Tag Southdown sire  2 E BD BB bb AB AB 2.1 1.4 64.3 20.4 72 4.7 38 23.2 3.25 99 
2009 787 Yellow Tag Southdown sire  1 E AA BB bb AA BB 2 1.2 61.9 22.2 77 4.6 15 20.9 4.2 105.1 
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2009 788 Yellow Tag Southdown sire  2 E AA BB ab AB BB 2.4 1.4 58 20.4 72 5.1 16 25 4.85 119 
2009 789 Yellow Tag Southdown sire  2 E AD . bb AA BB 1.8 1.2 68.5 19.2 61 4.3 14 22.4 1.85 117.2 
2009 790 Yellow Tag Southdown sire  1 E AA . bb AA . 1.5 1.2 82.4 17.9 74 4 20 22.6 0.35 82.3 
2009 791 Yellow Tag Southdown sire  1 E CD BB ab AC BB 2.1 1.2 56.3 20.5 64 4.8 16 23.3 3.1 111.2 
2009 801 Yellow Tag Southdown sire  1 E AA . ab AA . 2.4 1.7 71.4 20.8 96 5.1 20 24.6 5.75 93.8 
2009 804 Yellow Tag Southdown sire  2 E AA BB bb AA BB 1.7 1 59 18.5 84 3.6 22 19.7 0.6 113 
2009 805 Yellow Tag Southdown sire  1 E AA AB ab AA AB 2.3 1.7 72.8 19.9 88 4.3 24 21.4 1.95 79.7 
2009 807 Yellow Tag Southdown sire  2 E AD BB bb AA BB 2.6 1.8 70.4 19.7 97 4.3 17 21.8 1.4 83.5 
2009 808 Yellow Tag Southdown sire  1 E AD . bb AA BB 2.1 1.4 68.5 21.5 68 4.5 16 20.7 2.85 134.5 
2009 813 Yellow Tag Southdown sire  1 E AA AB ab AA AB 1.6 1.2 75.7 19.9 76 4.6 26 23.1 1.6 106.4 
2009 815 Yellow Tag Southdown sire  1 E AA BB bb AA AB 2.3 1.6 67.7 20.6 89 4.4 27 21.5 2.3 83.5 
2009 818 Yellow Tag Southdown sire  2 E AB . bb AA BB 2 1.4 70.2 22.7 75 5.2 35 22.8 9 90.8 
2009 819 Yellow Tag Southdown sire  2 E AD AB ab AC BB 2.4 1.6 66.8 20.3 90 5 17 24.8 2.4 99.9 
2009 820 Yellow Tag Southdown sire  1 E AA BB bb AC BB 2.2 1.5 68.4 19.7 78 4.8 22 24.6 2.55 106.3 
2009 821 Yellow Tag Southdown sire  1 E AA BB bb AA BB 2.2 1.5 70.3 20.8 63 4.1 31 19.6 1.85 108 
2009 822 Yellow Tag Southdown sire  2 E AC BB ab AA BB 2.4 1.9 79.1 20.4 84 4.7 35 22.9 1.6 79.4 
2009 823 Yellow Tag Southdown sire  1 E AE BC ab AA BB 2.6 1.6 63 21.1 93 4.5 19 21.2 3.25 115.6 
2009 826 Yellow Tag Southdown sire  2 E AA AB ab AA AB 2.1 1.4 67.1 19 74 4.8 12 25.5 2.45 102.3 
2009 827 Yellow Tag Southdown sire  1 E AB BB bb AC BB 2.6 1.8 70.7 21.4 78 5 24 23.2 4.7 103.9 
2009 828 Yellow Tag Southdown sire  2 E AD AB ab AA BB 1.7 1.1 64.1 18.9 90 4.5 15 24 1 110 
2009 830 Yellow Tag Southdown sire  1 E AA BB bb AA AB 1 0.7 70.6 21.1 49 5.1 32 24.4 4.05 94.1 
2009 832 Yellow Tag Southdown sire  1 E AB BB bb AC BB 2.6 1.9 73.1 20.3 89 4.5 30 22.3 1.4 71.7 
2009 833 Yellow Tag Southdown sire  2 E AB BB bb CC BB 2.7 2.1 77 19.9 104 4.5 22 22.8 2.1 87.1 
2009 834 Yellow Tag Southdown sire  2 E AA . . . . 2.4 1.6 65.8 18.3 100 3.8 21 20.8 1.05 95.9 
2009 835 Yellow Tag Southdown sire  2 E AD . bb AA BB 2.5 1.8 73.6 19.9 96 3.9 24 19.6 0.9 98.4 
2009 836 Yellow Tag Southdown sire  2 E AD BB ab AA BB 2.6 1.9 72.8 20.8 91 4.7 16 22.6 3.15 92 
2009 837 Yellow Tag Southdown sire  1 E AA BB bb AA BB 2 1.2 61.7 19.5 76 4.1 30 21.2 1.05 144.2 
2009 838 Yellow Tag Southdown sire  2 E AD . ab AA AB 1.8 1.2 64.1 19.6 77 3.9 18 20.1 0.4 127.9 
2009 839 Yellow Tag Southdown sire  2 E AA BB ab AA BB 2.1 1.5 71.3 19.8 86 4.7 24 24 2.8 88.5 
2009 842 Yellow Tag Southdown sire  2 E AB BB bb AA AB 2.3 1.5 66.6 20.3 76 4.6 15 22.9 2.35 82.9 
2009 843 sire 2 2 E AD BB bb AB AB 2.8 2.1 73.9 18.7 80 4.4 18 23.5 1.2 86 
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2009 844 sire 2 2 E AE AB ab AA AB 2.6 1.8 67.3 22.7 82 6.1 18 26.8 11.25 92.5 
2009 845 sire 2 1 E AB AB ab AB BB 2.4 1.7 68.8 19.8 103 4 19 20.4 1.05 87.9 
2009 847 sire 2 1 E AD AA aa AB BB 2.3 1.6 68.3 22.9 63 5.4 22 23.6 7.55 90 
2009 850 sire 2 1 E AE BC ab BB BB 2.5 1.8 70.6 21.8 86 5.3 34 24.1 7.25 90.1 
2009 853 sire 2 2 E AA BB ab AC BB 2.2 1.4 65 23.6 91 6.3 18 26.7 14.6 95.1 
2009 854 sire 2 2 E AC AB ab AB AB 2.9 2.1 73.3 18.9 78 3.6 23 19 0.35 112.3 
2009 855 sire 2 2 E AC BB ab BB AB 2.1 1.2 56.7 21.8 60 5.2 14 23.8 7.4 100 
2009 858 sire 2 1 E AA AA aa AA BB 1.8 1.3 70 19 83 3.9 28 20.6 0.7 97.7 
2009 859 sire 2 2 E AB BB bb AC BB 1.6 1.3 83 18 72 5.1 24 28.2 1.1 84.2 
2009 860 sire 2 1 E AB BB ab AA AB 2.2 1.4 65.5 21.9 78 5 16 22.9 6.8 91.9 
2009 861 sire 2 1 E AA BB bb AA BB 2.2 1.5 68.5 21.3 75 5.3 17 25 5.75 106.6 
2009 862 sire 2 1 E AB BB ab AA AB 2.5 1.8 72.4 20.7 80 4.1 18 20 2.3 76.9 
2009 863 sire 2 1 E AB BB bb AC BB 2.6 1.8 68.2 19.1 77 4.4 19 23.1 1.5 102.2 
2009 865 sire 2 2 E AE AC aa AB BB 2.1 1.5 70.9 20.3 85 4.7 21 23 2.8 91.2 
2009 866 sire 2 2 E AA BB ab AA BB 2.3 1.8 77.3 19.6 82 4.9 25 25 3.25 92.8 
2009 867 sire 2 1 E AB AB ab AA BB 2 1.4 69.5 21.8 74 5.9 18 26.9 9.3 99.1 
2009 868 sire 2 1 E AA AB ab AB AB 2 1.4 70.1 19.7 70 4.7 21 24.1 2.2 84.9 
2009 869 sire 2 1 E AA AA aa AA AB 2.2 1.6 72.7 20.5 76 4.7 28 22.7 3.15 88 
2009 871 sire 2 1 E AA BB bb AC AB 2.4 1.8 77.3 19.3 85 4.2 29 21.5 0.85 77.8 
2009 874 sire 2 1 E AD AB ab AA AB 2.3 1.4 59.8 20.9 75 5.2 22 24.7 4.15 127.7 
2009 876 sire 2 1 E AA BB bb AA BB 2.3 1.7 74.2 18.2 88 5 24 27.6 2.6 76.8 
2009 877 sire 2 2 E AE AC aa AA BB 2.2 1.7 75.9 19.3 89 4.3 21 22.2 1.55 76.8 
2009 878 sire 2 1 E AC AB ab AC BB 2.5 2 81.9 21.9 86 5.3 40 23.9 5.4 80.1 
2009 879 sire 2 2 E AA AB ab AA BB 1.8 1.1 63.3 17.1 83 3.8 20 22.4 0.75 130.1 
2009 880 sire 2 1 E AA BB bb AA BB 2 1.3 67.1 22.5 63 4.8 22 21.3 6 91.6 
2009 881 sire 2 1 E EE BC ab AA BB 1.5 1.1 76.2 19.1 70 4.3 13 22.8 1.7 100.2 
2009 882 sire 2 2 E AA AB ab AA AB . . 76.5 21 103 5 19 24 4.85 69.1 
2009 884 sire 2 1 E AE AC aa AB BB 1.9 1.3 69.5 18.5 74 4.4 24 23.7 1.8 98.6 
2009 885 sire 2 1 E AA AA aa AB AB 2.2 1.6 71.3 20.2 78 4.6 20 22.6 2.15 96.4 
2009 886 sire 2 1 E AB BB ab AB BB 2 1.4 70.7 16.8 84 4.8 18 28.6 1 76.5 
2010 752 Merino 1 U AA AA aa AB AB 2.86 2.13 74.5 17.3 90 3.6 22 21.1 0.25 67.3 
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2010 753 Merino 2 U AB . ab AB AB 3.16 2.68 84.7 19.3 91 3.8 25 19.9 1.25 85.5 
2010 754 Merino 2 E AB BB ab AB AB 3.22 2.24 69.7 22 94 4.2 20 19.2 3.95 94 
2010 756 Merino 1 U AA . aa AA . 2.66 2.19 82.5 17.2 97 3.7 26 21.8 0.6 67.3 
2010 757 Merino 1 E AA . ab AB BB 2.78 2.38 85.7 18.2 88 4.1 21 22.5 1.65 68.2 
2010 759 Merino 1 E AA AB ab AB AB 3.34 2.57 76.8 19.8 82 3.6 38 18.2 0.9 79.2 
2010 760 Merino 1 U AA AA ab AB AB 2.54 2.12 83.6 18.6 75 3.5 24 19 0.9 99.4 
2010 761 Merino 1 E AA BB ab AB AA 1.78 1.44 80.7 17.5 77 3.6 30 20.4 0.55 86.5 
2010 765 Merino 1 E AC AA aa BB AA 3.16 2.25 71.2 16.1 86 2.8 21 17.7 0.2 75.9 
2010 766 Merino 1 E CD AB ab AB AB 2.72 1.65 60.8 25.7 71 6 18 23.3 20.4 99.4 
2010 767 Merino 1 E DD BB bb AA BB 3.52 2.38 67.7 25.2 67 5 39 19.8 13.3 80.5 
2010 768 Merino 1 U AD AB ab BC AB 2.54 2.08 82 18.3 95 3.9 26 21.1 1 80.5 
2010 769 Merino 2 U AA AB ab AB BB 2.48 1.97 79.5 18.1 90 4.6 36 25.6 1.8 76.4 
2010 770 Merino 2 E AA AB ab AB AB 2.22 1.72 77.7 18.4 63 3.6 34 19.8 0.45 90.1 
2010 771 Merino 1 E AA AB ab BB AA 2.14 1.32 61.9 18.5 66 3.9 15 21 1.1 110.9 
2010 772 Merino 1 E CD AB ab AA BB 2.96 2.25 75.9 24 69 5.2 24 21.7 8.6 104 
2010 773 Merino 2 U AA BB ab AB BB 2.4 1.72 71.5 23.7 94 5.8 33 24.4 13.65 86.7 
2010 774 Merino 2 U AC BB ab AA BB 2.32 1.47 63.4 20.5 82 5 21 24.2 3.6 88.6 
2010 775 Merino 1 E AD AB ab AB . 3.12 2.53 81 20.2 87 4.5 17 22.3 2.6 94.4 
2010 776 Merino 2 E AD AB ab BB AB 2.66 2.02 76.1 17.5 98 3.1 34 17.6 0.15 76.7 
2010 777 Merino 2 U AA AA aa AB AB 2.8 1.84 65.6 19 86 3.1 28 16.2 0.35 82.6 
2010 778 Merino 1 E AD AB ab CC AB 3.48 2.85 81.9 17.3 80 3.9 20 22.5 1.35 66.5 
2010 779 Merino 2 E AD AB ab BB AA 3.06 2.59 84.7 19.3 77 4.4 27 22.7 2.4 75.2 
2010 780 Merino 2 U AD AB ab BB AA 2.76 2.00 72.4 18.2 78 3.5 20 19.5 0.7 73.5 
2010 781 Merino 1 E AD . aa BB . 2.66 1.91 71.7 19.5 99 3.9 37 20 1.5 66.5 
2010 782 Merino 1 E AB AB ab BB . 2.92 2.23 76.3 19.3 70 4.5 16 23.4 2.4 87.8 
2010 783 Merino 1 U AA AB ab BB AB 2.26 1.59 70.5 18.8 96 3.9 24 20.9 0.75 96.1 
2010 784 Merino 1 E AD AB ab AB AB 2.62 1.80 68.6 19.8 82 3.5 17 17.5 0.8 91.3 
2010 786 Merino 1 E AA AA aa AA AB 3.44 2.74 79.6 20.7 104 4.4 29 21.3 1.35 81.7 
2010 787 Merino 1 U AA AA . AB AB 2.28 1.65 72.5 18.2 74 3.6 34 19.5 0.6 95.1 
2010 788 Merino 1 U AA . ab AB . 3.34 2.31 69.3 18.5 83 4.1 23 22.3 1.95 66.7 
2010 790 Merino 1 U AA AA aa BB AB 2.98 2.54 85.4 18.8 108 4.2 11 22.6 1.4 65.5 
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2010 791 Merino 2 U AE . aa AB AB 2.58 1.99 77.2 17.3 65 3.3 35 19 0.2 71.7 
2010 792 Merino 2 U AE AC aa AB AB 2.42 2.04 84.1 18.8 70 3.7 33 19.6 1.05 77 
2010 793 Merino 2 U AA . aa AB AB 2.5 1.70 68 19.8 115 3.8 37 19.3 1.15 69.1 
2010 794 Merino 2 U AA AA aa BB AA 2.42 2.00 82.7 23 108 5.7 25 24.9 7.15 76 
2010 795 Merino 2 E AA AA aa AB AB 2.68 2.13 79.4 18.3 110 3.8 21 20.9 0.55 71.4 
2010 796 Merino 2 E AA AA aa AB AB 2.38 1.79 75.3 21.5 82 4.1 26 18.9 1.85 92.2 
2010 797 Merino 1 E AA AA aa BB . 3.96 2.61 66 18.8 97 3.8 30 20.1 1 83.9 
2010 798 Merino 1 U AB AB ab BC AB 2.52 1.88 74.7 16.7 97 3.8 30 22.6 0.4 73.6 
2010 799 Merino 1 U AA AA aa AB AA 2.54 1.93 75.8 16.4 98 3.8 22 22.9 0.55 72.5 
2010 801 Merino 2 U AA AA aa AB AB 2.82 2.14 75.8 18.1 109 3.8 25 20.9 0.55 71.6 
2010 802 Merino 2 E AA AA aa AB AB 2.84 2.39 84 18.6 99 3.5 18 18.8 1 72.1 
2010 804 Southdown 2 E AA BB bb AC BB 3.28 2.21 67.5 22.4 88 4.1 25 18.5 3.1 83.7 
2010 805 Southdown 2 U AD BB bb AC BB 2.62 1.89 72.3 20.5 88 4.4 24 21.3 2.8 96.2 
2010 806 Southdown 1 E AA BB bb AA AB 2.66 1.96 73.8 22.6 75 4.5 25 20 5.15 109.2 
2010 807 Southdown 1 U AA BB bb AA BB 2.62 1.94 73.9 20.7 99 3.9 26 18.7 1 87.3 
2010 808 Southdown 1 U AA BB bb AC BB 2.72 1.85 68 19.8 86 4.5 18 22.8 1.4 109.6 
2010 809 Southdown 1 E AD BB bb AA BB 2.46 1.47 59.9 21.3 75 4 22 18.6 1.6 87.7 
2010 810 Southdown 1 U BD BB bb AA AB 2.88 1.85 64.2 20.4 89 4.4 26 21.7 3.3 91.9 
2010 811 Southdown 1 E AD . bb AC BB 2.32 1.54 66.2 21.4 84 3.8 22 17.8 1.8 100 
2010 812 Southdown 1 U AD BC ab AA BB 3.34 2.33 69.8 20 88 4.5 29 22.3 2.6 72.5 
2010 813 Merino 1 U AB AB ab AB AB 2.68 1.74 65.1 18 87 3.7 24 20.7 0.85 96 
2010 814 Southdown 2 E AB BB bb AB AB 2.38 1.50 62.9 23.7 71 5.3 20 22.3 10 87.3 
2010 816 Southdown 1 U AD BB bb AA AB 2.3 1.59 69 20.4 77 4.2 24 20.8 1.95 98 
2010 818 Southdown 2 E AB BB ab AB AB 2.72 2.05 75.3 17 98 3.1 27 18.2 0.7 71 
2010 820 Southdown 1 E AB BB bb AA BB 3.44 2.51 73.1 24.7 94 5.6 28 22.6 13.8 89.9 
2010 821 Southdown 1 U AD BB ab AC AB 2.52 1.80 71.6 21.3 57 5.1 25 24.1 4.8 102 
2010 822 Southdown 2 U AD BB bb AB BB 2.36 1.65 70 25.3 76 5.3 34 21 16.1 87.3 
2010 824 Southdown 1 E AA . . . . 2.74 1.64 59.9 20.8 70 4 23 19.4 2.1 91.4 
2010 825 Southdown 1 U BD . bb AA AB 1.86 1.38 74.3 20.2 74 4.6 24 23 1.4 94.2 
2010 827 Southdown 2 U DD BB bb AA AB 2.14 1.49 69.8 20.8 75 5.1 21 24.7 4.75 77.9 
2010 828 Southdown 1 E AB AB ab AB AA 2.94 2.22 75.5 18.3 105 3.8 27 20.5 0.85 68.8 
 116 
2010 829 Southdown 1 U AC AB ab BB AA 1.58 1.05 66.7 13.8 63 3.3 12 23.8 0.1 75 
2010 830 Southdown 1 U CD AB ab AB BB 2.32 1.82 78.3 25.3 96 6.3 12 24.8 21.75 76.7 
2010 831 Southdown 1 E AC BB ab AA BB 3.04 2.31 75.9 20.2 105 4.1 31 20.4 1.45 89.2 
2010 832 Southdown 2 U AA BB bb AA BB 2.5 1.67 66.7 20.4 100 4.6 18 22.5 2.45 97.3 
2010 833 Southdown 2 E AD BB bb AA BB 2.64 2.23 84.5 21.8 70 5.4 22 25 4.7 96.3 
2010 834 Southdown 1 E AA BB ab AA BB 2.82 2.08 73.8 18.9 82 3.7 18 19.8 0.35 81 
2010 835 Southdown 1 E AD BB bb AA BB 2.62 1.88 71.9 20.3 97 3.7 23 18.4 0.2 79.6 
2010 836 Southdown 1 U AA BB ab AB AB 2.42 1.74 72.1 16.5 102 3.8 19 23 0.25 79.1 
2010 838 Southdown 2 U AD BB bb AA BB 1.9 1.48 78.1 22.2 74 5.2 35 23.4 5.75 93.3 
2010 839 Southdown 2 U AA AB ab AA AB 1.94 1.54 79.6 20.7 86 4.3 18 20.8 2.8 99.6 
2010 840 Southdown 2 U AB BB bb AA BB 2.68 1.90 70.8 20.6 100 4.1 36 19.7 1.2 81.7 
2010 841 Southdown 2 U AA BB bb AA AB 2.46 1.55 63.1 21.1 84 4.7 19 22.5 3.95 99.5 
2010 842 Southdown 1 U AB BB bb AA BB 2.66 1.76 66.2 19.5 85 4.3 21 22.1 1.4 83.1 
2010 846 Southdown 2 E AA AB ab AB AB 3.04 2.20 72.3 25.7 84 6.2 21 24.2 19.95 85.1 
2010 847 Southdown 2 E AC BB ab AA AB 3.02 2.12 70.3 24.9 89 4.4 35 17.5 9.1 91.5 
2010 849 Southdown 1 U AA AB ab AA AB 3.06 2.37 77.5 22.6 72 5.3 18 23.4 8.65 78.9 
2010 850 Southdown 1 E BD BB bb AA AB 2.3 1.47 63.9 21.6 68 4 34 18.7 2.45 95.7 
2010 851 Merino 1 U AA AA . AA AB 3.4 2.62 77 19.7 90 4.9 25 25.1 2 81.2 
2010 852 Merino 1 E AA AB ab AB AB 2.64 2.11 79.8 18.6 84 3.2 35 17.2 0.6 63.4 
2010 853 Merino 1 U AC . aa AA AB 2.08 1.65 79.3 19.5 71 4.5 32 22.9 2.75 100.9 
2010 856 Merino 2 E AB BB ab AB BB 2.84 2.14 75.3 18.7 80 3.5 22 18.6 0.2 76.3 
2010 857 Merino 2 E AA AA aa AB AB 2.88 2.17 75.2 18.2 85 3.2 25 17.8 0.3 76.7 
2010 858 Merino 1 E AA . ab AB AA 2.88 2.34 81.2 17.8 100 2.9 31 16.1 0.3 73.6 
2010 860 Merino 1 U AA . ab AB . 2.96 2.52 85.1 18.9 92 4.2 14 22.2 2.35 77.9 
2010 861 Merino 2 U AB . ab AB . 2.54 2.07 81.3 19.1 106 3.5 41 18.2 0.85 72 
2010 862 Merino 2 E AA . aa . . 2.78 2.40 86.5 19.3 107 4.8 33 24.9 2.75 75.3 
2010 863 Merino 1 E AD . ab BC AB 3.6 2.93 81.4 18.9 86 3.3 40 17.4 0.4 70.3 
2010 864 Merino 2 E AA AA aa BB AA 2.48 1.98 80 18.7 85 3.3 36 17.8 0.25 76.8 
2010 865 Merino 2 U AC AA aa BB AB 2.96 2.44 82.4 19.5 76 4.7 18 24.2 2.35 69.5 
2010 866 Merino 1 U AD AB ab AB AB 2.8 1.84 65.6 22.1 87 4 18 18.2 2.25 117.6 
2010 868 Merino 1 E AC AA aa AB AB 3.3 2.29 69.5 20.2 78 3.9 29 19.4 1.85 83.1 
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2010 871 Merino 1 U CD . aa AA AB 2.3 1.61 70 20.6 71 4.5 28 21.6 1.15 83.5 
2010 872 Merino 2 U AA AA aa AB AB 2.58 2.04 79 18.7 108 4 22 21.2 0.7 68.8 
2010 873 Merino 2 U AD BB ab AB AB 2.72 1.91 70.4 18.4 80 3.3 18 18.1 0.2 77.5 
2010 874 Merino 1 E AD . ab AB AB 3.62 2.71 74.8 20 104 4 23 20 1.4 77 
2010 875 Merino 1 E AA BB ab BB AB 2.22 1.74 78.4 18 86 3.2 42 17.7 0.4 83.4 
2010 877 Merino 1 E AA AA aa BB AA 2.22 1.79 80.5 19 91 4.1 27 21.4 1.2 97.3 
2010 878 Merino 1 U AC AA aa AA AB 2.44 2.03 83.2 20.4 89 4.4 27 21.6 2.65 78.8 
2010 879 Merino 1 U AD AB ab BB AA 3.3 2.32 70.3 19.2 99 4.4 16 22.6 1.5 82.8 
2010 881 Merino 1 U AD AB ab AB AB 2.5 2.08 83.2 16.2 84 3.1 17 19.3 0.25 64.2 
2010 885 Merino 1 U AC AB ab AC BB 2.28 1.71 75 19.9 83 4.2 20 21.3 1.65 89 
2010 886 Merino 1 E AA AA aa AB AA 2.9 2.29 78.9 18.5 100 3.3 15 18 0.2 76.9 
2010 887 Merino 1 E AD . ab AB . 3.48 2.54 73 20.6 84 4.5 20 22 3.35 90.7 
2010 889 Merino 1 U AA AA aa AB AB 2.36 1.92 81.5 18.4 85 3.8 18 20.9 0.65 76.9 
2010 890 Merino 2 U AA AA aa AB AB 3.12 2.06 66.1 18 103 3.9 20 21.5 0.2 74.1 
2010 891 Merino 2 U AA AA aa AB AA 2.78 2.25 81 19.3 92 4.3 22 22.2 1.9 91.4 
2010 892 Merino 1 U AA AC aa AB AB 2.72 2.08 76.4 16.9 94 3.9 25 23.3 0.6 75.6 
2010 895 Merino 1 U AA AB ab BB AB 2.5 2.00 79.8 18.2 93 4.4 38 24.3 1.1 81.1 
2010 896 Merino 1 U AA AA aa BB AB 3.02 2.49 82.5 19.1 80 3.8 17 19.6 0.65 73.7 
2010 897 Merino 1 U AA AB ab CC AB 2.62 2.17 82.8 17.6 96 3.7 21 20.9 0.4 71 
2010 898 Southdown 1 U CD AB ab AA BB 2.2 1.65 75 20.3 76 4.2 24 20.8 1.8 100.3 
2010 899 Southdown 2 E BD BB bb AA AB 3.16 2.28 72 20.4 84 4.4 29 21.7 3.1 90.5 
2010 900 Southdown 2 E CD AB . AB AB 2.68 1.75 65.3 21.8 64 5.1 27 23.4 6.8 104.1 
2010 3151 Southdown 1 E AA BB . AA AB 2.82 1.93 68.3 24.6 74 4.6 29 18.7 10.9 98.2 
2010 3154 Southdown 2 U AA BB bb AC AB 2.8 1.96 69.9 23.7 70 5.3 26 22.6 11.95 79.8 
2010 3155 Southdown 2 U AB BB bb AA AB 2.38 1.60 67.4 18.8 80 3.7 21 19.6 0.4 107.9 
2010 3156 Southdown 1 U AD AB ab AA AA 2.14 1.49 69.8 20.5 73 4.1 38 19.9 1.7 89.4 
2010 3158 Southdown 1 U AA BB ab AA . 2.58 1.71 66.4 18.9 84 3.9 16 20.9 0.95 106 
2010 3159 Southdown 1 U AC AA aa AB AA 2.4 1.86 77.5 14.9 74 2.8 27 19.1 . 64.1 
2010 3161 Southdown 2 U AD BB bb AA BB 2 1.28 63.8 19.6 94 3.5 17 17.8 0.8 96.2 
2010 3162 Southdown 2 U AE . ab AA BB 2.14 1.26 59 21.3 77 4.4 31 20.8 4.35 114.8 
2010 3163 Southdown 1 U AB BB bb AA . 3.3 2.24 67.9 20.5 88 4.2 30 20.6 1.85 91.2 
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2010 3164 Southdown 1 U AD BB bb AC BB 2.5 1.74 69.5 20 86 4.9 20 24.3 3.45 95.3 
2010 3166 Southdown 1 E AA AB ab AA AA 2.56 2.07 81 23.2 81 5.3 27 22.7 9.5 105.1 
2010 3174 Southdown 1 U AA BB . BB . 3.34 2.32 69.4 23.7 76 5.8 17 24.4 12.1 103.7 
2010 3175 Southdown 2 U AA AB ab AB AA 3.3 2.82 85.5 20.7 81 5.1 26 24.4 4.55 85.4 
2011 4002 Merino2011 1 R DD BB . AA AB 2.46 1.9 74.4 17.4 94 3.4 26 19.6 0.4 78.3 
2011 4004 Merino2011 1 R BD BB bb AB AB 2.38 1.7 69.6 22.6 71 5.5 19 24.4 8 94.2 
2011 4006 Merino2011 2 E AA AA ab BB AB 2.8 2.2 80.2 18.3 99 4 18 22.1 0.9 64.1 
2011 4007 Merino2011 2 E AA AA . AA AA 1.58 1.2 73.3 15.9 94 3 13 19.1 0.1 66.8 
2011 4011 Merino2011 1 E AA AA aa BB AA 2.32 1.7 71.6 16.3 85 3.3 14 20.5 0.2 63.2 
2011 4013 Merino2011 1 E AC AA aa AB AB 2.48 1.7 69.2 19.2 100 3.3 21 16.9 0.3 80.6 
2011 4020 Merino2011 1 E AB AB ab BB AB 1.88 1.4 72.1 16.7 69 3.7 17 22.3 0.5 80.1 
2011 4024 Merino2011 1 R AA AB ab AB AB 1.38 1 69.6 15.7 67 3.8 7 24 0.15 59.5 
2011 4031 Merino2011 1 E AA AA aa AB AB 2.1 1.7 78.8 17.6 57 3.6 15 20.2 0.55 64.2 
2011 4032 Merino2011 1 R AA AA aa AB AB 2.26 1.7 73.4 16.7 84 3.3 19 19.8 0.5 92.5 
2011 4033 Merino2011 1 E AA AA aa AB AA 2.58 1.8 71.5 16.3 66 2.9 20 18.1 0.2 65.5 
2011 4034 Merino2011 1 R AA AA aa BC AB 2.7 1.9 70.2 17.7 82 3.5 22 19.8 0.4 135.9 
2011 4036 Merino2011 1 E AA AA aa BB AB 2.46 1.8 72.5 18.9 92 3.7 25 19.7 0.75 85.3 
2011 4037 Merino2011 1 R AB BB bb AA BB 2.58 1.7 66.1 21.3 75 5.2 25 24.5 6.2 82.4 
2011 4038 Merino2011 1 R AD BB ab BB AB 2.92 2.4 78.6 16.7 94 3.6 17 21.4 0.4 62.8 
2011 4040 Merino2011 2 E AA BB ab BC AB 2.94 2.6 87.3 18 102 2.9 23 16 0.2 56.5 
2011 4042 Merino2011 1 R AA AA aa BB AB 2.34 1.8 74.7 15.3 83 3.3 15 21.6 0.1 52.8 
2011 4043 Merino2011 1 R AD BB ab AB AA 2.4 1.9 79.3 16.5 67 2.6 25 16 0.2 67.4 
2011 4044 Merino2011 1 R AA AA aa AB AB 2.32 1.8 77.5 17.8 91 3.6 26 20.2 0.5 75 
2011 4045 Merino2011 3 E AC AA aa AB AB . 1.1 78.2 20.2 92 4 28 19.7 1.15 127.9 
2011 4046 Merino2011 3 E AD AB ab BC AB 1.92 1.6 82.6 18 89 3.5 17 19.4 0.25 80.1 
2011 4047 Merino2011 3 E AD AB ab BC AB 2.34 2 85.1 17.2 97 3.4 28 20 0.5 81.7 
2011 4048 Merino2011 1 E AA AB ab AB AA 2.83 2.4 84.8 18.1 114 3.7 12 20.3 0.5 83.1 
2011 4050 Merino2011 1 R AD AB ab AB AB 3.3 2.6 79.3 16.9 110 3 19 18 0.4 76.6 
2011 4051 Merino2011 2 E AA AA aa AB AA . . 71.9 16.4 88 3.1 40 18.9 0.2 88 
2011 4052 Merino2011 2 R AA AB ab BB AA 2.24 1.7 77.2 17.8 80 3.3 22 18.6 0.25 63.2 
2011 4053 Merino2011 2 E AA AA aa BB AB 1.74 1.4 76.6 17.2 79 4.2 12 24.4 1.1 75 
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2011 4057 Merino2011 2 E AA AA aa AB AB 2.88 1.8 63.3 16.7 96 4 14 23.9 0.7 76.4 
2011 4058 Merino2011 2 E AA AA aa AB AB 3.1 2 65.4 16.6 104 3.9 11 23.6 0.65 55.1 
2011 4059 Merino2011 1 R AD AB ab BC AB 3.36 2.6 76.8 16.6 98 3.2 22 19.2 0.25 60.7 
2011 4062 Merino2011 1 R AA AA aa AB AB 2.04 1.4 69 20.3 74 4 27 19.6 2.05 115.5 
2011 4063 Merino2011 1 E AB AB ab AB AB 2.16 1.7 77 17.4 87 3.2 29 18.2 0.35 83.8 
2011 4065 Merino2011 1 R AA AB ab BB AB 3.06 2.4 81.3 18.4 102 3.4 29 18.6 0.3 55.4 
2011 4066 Merino2011 1 E AA AB ab BB AB 2.48 1.9 76.8 18.6 95 3.4 22 18.6 0.5 67.2 
2011 4067 Merino2011 1 E AA AB ab AA AA 2.96 2.3 75.8 18.1 104 2.9 32 15.9 0.4 65.7 
2011 4068 Merino2011 1 E AD AB ab AB AB 2.44 1.7 70.5 17.1 91 2.8 24 16.4 0.1 99 
2011 4069 Merino2011 1 E AC AB ab BB AB 2.48 1.6 64.7 16.4 75 4.1 13 24.9 0.7 99.8 
2011 4070 Merino2011 1 E AB BB ab AB AB 2.58 1.9 74.5 16.7 90 3.6 18 21.7 0.45 105.3 
2011 4071 Merino2011 1 R AA AA aa AB AB 2.8 2.1 89.8 16 90 3.1 30 19.2 0.25 42.3 
2011 4072 Merino2011 1 E AA AB ab BC AB 1.98 1.6 82.3 17.7 97 3.4 19 19.1 0.3 74.7 
2011 4074 Merino2011 1 E AA AB ab AB AB 2.54 1.7 68.5 18.2 97 3 21 16.3 0.45 97.8 
2011 4075 Merino2011 1 R AB AB ab BC AB 2.56 2 78.4 18.1 94 3 37 16.4 0.25 82.6 
2011 4076 Merino2011 1 R AA BB ab AB AB 2.68 2.1 78.1 17 94 3.1 39 18.1 0.3 73.4 
2011 4077 Merino2011 1 R AA AB ab AB AB 2.6 2.2 85.1 16.8 103 2.7 28 16.4 0.3 49 
2011 4078 Merino2011 2 R AA BB ab BC AB 2.94 2.2 72.2 17.2 99 3 38 17.4 0.2 59 
2011 4079 Merino2011 1 E AB AB ab BC AB 2.78 2 72.3 18.1 94 3.6 22 20 0.6 78.9 
2011 4081 Merino2011 1 R AA AB ab AB AB 2.6 2.2 86.2 17.1 96 3.4 22 20.1 0.5 70.8 
2011 4082 Merino2011 2 E AA AA aa BC AB 2.62 1.9 74.1 17.4 98 3.5 27 20 0.6 73.6 
2011 4083 Merino2011 2 R AA AB ab AA AB 2.14 1.8 86.8 16.9 79 4.1 15 24.4 0.8 88.5 
2011 4084 Merino2011 1 E AA AA ab AA AB 2.88 1.7 72.6 18.3 92 3.3 20 18.2 0.2 86.4 
2011 4085 Merino2011 2 E AD BB ab BB AB 2.42 1.7 70.7 17 104 3 24 17.7 0.45 78.4 
2011 4086 Merino2011 2 E AE AC aa BB AB 2.04 1.6 81 16.9 99 3.2 11 19 0.05 75 
2011 4087 Merino2011 1 R AD AB ab AB AB 2.18 1.6 73.6 18 95 3.6 12 19.8 0.3 87.9 
2011 4088 Merino2011 1 R AA AB ab BC AB 2.72 2.3 84.6 16.8 84 3.5 22 20.6 0.5 90.1 
2011 4089 Merino2011 1 R AC AA aa AB AB 2.04 1.4 72.1 16.3 76 3.2 11 19.4 0.2 85.7 
2011 4091 Merino2011 1 R AA AA aa AB AB 2.5 1.8 73.7 17.3 81 3.4 38 19.8 0.4 85.5 
2011 4093 Merino2011 2 E AA AA aa AB AB 2.64 2 74.4 18.9 85 3 27 16 0.1 86.9 
2011 4094 Merino2011 1 R AA AB ab AB AB 2.76 2.1 75 16.7 73 3.5 15 20.6 0.45 82.5 
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2011 4096 Merino2011 1 E AA AA aa BC AB 3.02 2.6 85.5 17.3 94 3.4 41 19.7 0.5 69.8 
2011 4097 Merino2011 1 E AA AB ab AB AB 2.84 2.1 72.1 17.3 89 3.8 31 22 0.9 65 
2011 4098 Merino2011 1 R AA AB aa AB AB 2.76 2.1 75.5 16.2 86 3.3 14 20.4 0.1 45.5 
2011 4099 Merino2011 2 E AA AB ab AB AB 2 1.5 74.7 18.8 95 3.2 26 17.1 0.15 84.1 
2011 4100 Merino2011 2 E AA AB ab AB AB 2.62 1.9 70.9 17.3 93 3.1 15 17.7 0.15 71.8 
2011 4102 Merino2011 1 E AD AB ab AB AB 3.5 2.7 76.6 16.8 107 3.5 12 20.8 0.55 43.4 
2011 4104 Merino2011 1 E AA BB aa AB AB 2.4 1.9 77.3 19.4 87 3 34 15.4 0.35 85.5 
2011 4105 Merino2011 1 R AD BB ab AB AB 2.3 1.6 71.4 14.6 80 2.9 18 19.9 . 62.1 
2011 4108 Merino2011 1 R AA BB ab AB . 2.88 2.2 76.7 19.8 102 3.7 40 18.6 1.05 84 
2011 4109 Merino2011 1 E AA AB ab AB AB 2.78 2 72.3 15.9 103 3.4 16 21.1 0.2 55.3 
2011 4110 Merino2011 1 E AA AA aa AB AB 2.74 2 72.8 16.7 73 3 27 17.8 0.15 77.1 
2011 4111 Merino2011 1 E AA AB ab BB AB 2.58 2.3 88.9 19.8 89 3.6 36 18.4 0.55 76.3 
2011 4113 Merino2011 1 E AA AA . AB AB 2.28 1.9 83.9 16.3 98 3.8 9 23 0.1 84.2 
2011 4114 Merino2011 1 E AC AA aa BB AA 2.48 1.9 76.4 18.5 99 3.1 19 17 0.25 74.4 
2011 4115 Merino2011 2 R AA AA aa BB AB 2.36 2 82.1 16.4 90 2.9 21 18 0.55 66.8 
2011 4116 Merino2011 2 E AD AA aa BB AA 1.98 1.6 79.2 18 101 3.2 38 17.6 0.4 59.6 
2011 4117 Merino2011 1 E AA AA aa BB AB 2.84 2.3 80.3 18.6 78 4 13 21.4 0.7 67.1 
2011 4118 Merino2011 2 E AE AC aa AB AB 3.02 2.5 82.5 18.2 96 3.4 26 18.5 0.65 73.8 
2011 4119 Merino2011 2 E AA AA aa AB AB 2.08 1.6 78.3 15.2 95 3.8 15 24.8 0.45 65.2 
2011 4120 Merino2011 1 E AD AB ab AA AB 2.04 1.2 59 24.9 61 5.6 9 22.4 17.15 111.4 
2011 4121 Merino2011 1 R AA AB ab AB AB 3.16 2.3 72.6 16.3 95 3.2 11 19.6 0.2 63.6 
2011 4122 Merino2011 1 E AA AA aa AB AB 1.48 1.3 86.4 16.5 95 3.6 8 22.1 0.05 57.4 
2011 4124 Merino2011 1 E AD AB ab AB AB 3.54 2.6 72.6 18 114 3.4 19 19 0.55 74.3 
2011 4125 Merino2011 2 R AD AB ab AB AB 2.32 1.6 71.1 17.9 84 3.4 33 19 0.45 72.8 
2011 4126 Merino2011 2 E AA BB ab AB AB 2.46 1.8 71.6 17 86 3 33 17.6 0.4 83.4 
2011 4127 Merino2011 1 E AA AA aa AB AB 2.88 2.2 75.6 18.1 104 3.5 28 19.4 0.6 87.7 
2011 4132 Merino2011 1 E AD BB ab CC AB 2.96 2.1 70.6 19.9 88 3.9 25 19.3 1.55 90.1 
2011 4133 Merino2011 2 R AA . aa AB AB . . 69.6 19.7 81 3.6 31 18.5 0.85 119.1 
2011 4134 Merino2011 2 R AA AA aa BB AB 2.12 1.6 74.4 15.3 87 2.8 38 18 0.2 55.4 
2011 4136 Merino2011 1 E AA AB . AB AA 2.64 2.4 88.2 17.9 103 3.4 14 18.8 0.7 57.9 
2011 4137 Merino2011 1 R AC AB ab AB AB 2.68 1.8 66 22.8 71 5 17 22.1 7 97 
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2011 4138 Merino2011 1 R AD AB ab AB BB 2.48 2 78.6 17.9 90 3.8 26 21.3 0.8 71.7 
2011 4140 Merino2011 2 R AA AB ab BB AA 2.92 2.1 71.2 19.4 103 3.6 31 18.6 0.7 94.7 
2011 4145 Merino2011 1 E AD BB ab AB AB 2.38 1.8 75.2 17.6 76 4 24 22.6 0.8 84.9 
2011 4146 Merino2011 1 R AD AB ab AB AB 2.5 2 78.6 17.3 92 3.4 10 19.9 0.45 100.7 
2011 4147 Merino2011 1 R AA BB ab AB AB 3.22 2.5 74.9 17.6 91 3.5 21 19.7 0.55 74.6 
2011 4149 Merino2011 1 R AD BB ab AB AB 2.8 2.1 73.3 17.7 96 3.3 24 18.8 0.05 64.3 
2011 4150 Merino2011 2 R AB AB ab AB AB 2.4 1.7 71.4 16.8 110 3 23 18 0.5 50 
2011 4151 Merino2011 2 E AA AA aa BB AB 2.64 1.8 65 17.8 100 3.3 26 18.3 0.45 63.5 
2011 4152 Merino2011 2 E AA AB ab AB AB 2.4 1.7 69.5 18.4 89 3.7 34 20.2 1.45 106.1 
2011 4153 Merino2011 2 E AD AB ab AB AB 2.8 2.1 75.1 17.9 102 4.6 19 25.5 1.9 64.9 
2011 4154 Merino2011 1 R AC AA aa AB AB 2.24 1.7 74.6 17.7 123 2.9 16 16.2 0.2 91.8 
2011 4155 Merino2011 1 E AD AB ab BB AA 3.18 1.9 59.5 19.5 115 3.5 41 18.1 0.75 108.4 
2011 4157 Merino2011 1 E AB AB ab AB AB 2.5 1.9 77.8 16.7 86 2.9 21 17.4 0.35 63.5 
2011 4158 Merino2011 1 E AD BB ab AB AB 2.7 2.2 78.5 17.3 116 3.2 22 18.3 0.2 48.1 
2011 4160 Merino2011 1 E AA AB ab AB AB 2.36 2 84.8 18.9 115 3.9 16 20.5 0.6 43.8 
2011 4162 Merino2011 1 E AD AB ab AB AB 2.4 1.6 65.5 17.9 102 3.7 29 20.6 0.7 98.8 
2011 4163 Merino2011 1 R AD AB ab AB AB 3.12 2.4 78.3 18.5 85 4.3 19 23.5 1.7 74.7 
2011 4164 Merino2011 1 R AB BB ab AB AB 2.24 1.8 81.4 16.3 93 3.2 10 19.5 0.4 77.9 
2011 4165 Merino2011 1 E CD BB ab AB BB 2.68 1.8 66.7 19.8 98 4.6 26 23.5 3 103 
2011 4169 Merino2011 2 E AC AA aa AB AB 3.26 2.4 73.9 19.9 99 3.2 30 16.2 0.3 90.1 
2011 4170 Merino2011 2 E AA AB ab AB AB 3.58 2.8 78.1 18.7 119 4.2 33 22.3 1.5 64.1 
2011 4172 Merino2011 2 E AE AC aa AB AB 1.9 1.4 73.1 17.6 88 3.4 33 19.4 0.4 90.3 
2011 4173 Merino2011 2 E AE AC aa BC AB 2.46 1.9 75.5 18.2 94 3.6 34 19.8 0.55 73.4 
2011 4174 Merino2011 2 R AA AB ab AA AB 2.66 2.2 82.6 17 92 3.5 20 20.9 0.3 65.8 
2011 4175 Merino2011 2 E AA AB ab AB AB 1.96 1.5 80.4 16.1 95 3.1 12 19 0.05 62.8 
2011 4177 Merino2011 1 R AD AB ab AB AB 2.1 1.4 68.7 14.8 77 3.4 9 22.9 0.3 83.1 
2011 4178 Merino2011 1 R AA AA aa AB AB 2.16 1.5 70.1 15.8 79 4 27 25.6 0.5 75.6 
2011 4184 Merino2011 1 R AA AB ab AB BB 2.62 2 75.6 16.2 96 3.1 33 19.3 0.15 65.7 
2011 4185 Merino2011 2 E AA AB ab AB AB 2.26 1.6 69.5 17.5 88 2.7 25 15.3 0.1 89.3 
2011 4188 Merino2011 2 E AE AC aa AB AA 2.26 1.6 69.9 15.2 63 2.7 21 17.5 . 86.4 
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